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Abstract 
 
The evolutionary innovation that defined mammals was development of mammary glands to 
support the survival of newborn. All mammals evolved from common ancestors which diverged 
into different linages based on their reproduction strategy. The first mammals originated from 
egg-laying mammals (monotremes) and later developed into primitive placental mammals, 
(marsupials) and finally placental mammals (eutherians). Even though the marsupials and 
eutherians have evolved from common ancestors, marsupials have adapted a specific 
reproduction strategy. They have a primitive form of placenta (choriovitelline membrane) and 
limited resources provided by the yolk sac can only sustain the fetus for a limited period of time 
prior to the birth of a highly immature neonate. The growth and development of highly altricial 
young in early mammals (monotreme and marsupial) is supported by a unique lactation cycle to 
nurture their off-spring by delivery of nutrient rich milk which also provides developmental 
signals for the suckled young. Milk composition has been shown to progressively change during 
lactation in both monotremes and marsupials in order to provide the necessary functional 
factors for maturation of the neonate, during which the majority of vital organs mature 
dramatically.  
The lung is a primary organ that undergoes considerable morphological changes to perform 
adequate levels of respiration in the newborn. At birth, the neonate respiratory system must be 
mature enough to function with efficient gas exchange. Respiratory complications are 
frequently seen in premature infants and preterm death rates are high due to incomplete 
development of the respiratory system. Identifying the components responsible for lung 
development and accelerated maturation of the lung may provide new intervention therapies 
to reduce preterm deaths. During early development of the respiratory system in eutherians, 
several transcriptional factors involved in regulating specific stages of lung development are 
signalled by factors secreted by the placenta while the lungs develop for their post natal 
function. In contrast, marsupial young are born with immature lungs and the majority of lung 
development occurs postnatally and is dependent on factors provided in milk. Therefore the 
marsupial provides a unique model to better understand the process of lung development and 
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to study the potential role of milk to provide timed delivery of bioactives that regulate this 
process.  
Lung organogenesis is a complex process that requires a number of factors to program 
morphological changes in the tissue to acquire functionality. After a short gestation period, 
marsupials give birth to immature neonates and the lungs are not fully developed. In the 
current study we describe morphological changes in lung during early postnatal life of the 
marsupial opossum (Monodelphis domestica) and tammar wallaby (M eugenii), together with a 
comparison of lung morphology in adult toad.  Similarity in lung morphology between the adult 
toad and the marsupial neonate is consistent with these animals performing respiration 
through skin to provide the required amount of oxygen. 
In addition, the gene expression profiles during postnatal lung development in monodelphis 
were examined using RNA-seq to identify differentially expressed genes correlated with 
morphological changes in the tissue. Based on these observations, postnatal lung development 
of monodelphis involves three key stages of development; transition from late canalicular to 
early saccular, saccular and alveolar stage. Differentially expressed genes were identified and 
correlated with lung development stages. Functional gene categories related to growth factors, 
extracellular matrix protein (ECMs), transcriptional factors and signalling pathways were related 
to branching morphogenesis, alveolization and vascularisation. These data provided clues on 
candidate genes and cellular pathways contributing to morphological changes during the 
transition from saccular to fully functional alveolar stages of postnatal lung development in 
marsupials.  
Marsupials such as the tammar wallaby have a short gestation (26 days) and at birth the altricial 
young resembles a fetus, with major development occurring postnatally while the young 
remains in the mother’s pouch. The essential functional factors for the maturation of the 
neonate are provided by the milk which changes in composition progressively throughout 
lactation (300days). Morphologically the lungs of tammar pouch young are immature at birth 
and the majority of lung development occurs during the first 100 days of lactation. In this study 
mouse embryonic lungs (E-12) were cultured in media with tammar skim milk collected at key 
time points of lactation to identify factors potentially involved in regulating postnatal lung 
maturation. Remarkably the embryonic lungs showed increased branching morphogenesis and 
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this effect was restricted to milk collected at specific time points between approximately day 40 
to 100 lactation. Further analysis to assess lung development showed a significant increase in 
the expression of marker genes Sp-C, Sp-B, Wnt-7b, BMP4 and Id2 in lung cultures incubated 
with milk collected at day 60. Milk collected at day 60 of lactation specifically stimulated 
proliferation and elongation of lung mesenchymal cells that invaded matrigel. In addition, this 
milk stimulated proliferation of lung epithelium cells on matrigel, and the cells formed 3-
dimensional acini with an extended lumen. This study has clearly demonstrated that tammar 
wallaby milk collected at specific times in early lactation contains bioactives that may have a 
significant role in lung maturation of pouch young.  
Identifying the components responsible for lung development may determine the factors that 
accelerate lung maturation and provide new intervention therapies to reduce preterm deaths. 
The unique changes in milk composition during lactation in marsupials appears to provide 
bioactives that can regulate diverse aspects of lung development, including branching 
morphogenesis, cell proliferation and cell differentiation. To better understand the temporal 
effects of milk composition on postnatal lung development we used a cross-fostering technique 
to restrict the tammar pouch young to milk composition not extending beyond day 25 for 45 
days of its early postnatal life. The comparative analysis of the foster group and control young 
at day 45 postpartum demonstrated that foster pouch young had significantly lower body 
weight and reduced lung size. The lungs in fostered young were comprised of large 
intermediate tissue, had a reduced size of airway lumen and a higher percentage of airway 
lumen and parenchymal tissue. In addition, expression of marker genes for lung development 
(BMP4, WNT11, AQP-4, HOPX, SPB and SPC) were significantly reduced in lungs from fostered 
young. These data suggest that postnatal lung development in the tammar young is most likely 
regulated by maternal signaling factors supplied through milk.  
The continuous changes of tammar milk composition may contribute not only to lung 
development but to immune protection of pouch young. Here, in order to address the putative 
contribution of newly identified secretory milk miRNA in these processes, high throughput 
sequencing of miRNAs collected from tammar milk at different time points of lactation was 
conducted. A comparative analysis was performed to find the distribution of miRNA in milk and 
blood serum of the lactating wallaby. Results showed that high levels of miRNA secreted in milk 
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allowed the identification of differentially expressed milk miRNAs during the lactation cycle as 
putative markers of mammary gland activity and functional candidate signals to assist growth 
and timed development of the young. Comparative analysis of miRNA distribution in milk and 
blood serum suggests that milk miRNAs are primarily expressed from mammary gland rather 
than transferred from maternal circulating blood, likely through a new putative exosomal 
secretory pathway. In contrast, highly expressed milk miRNAs could be detected at significantly 
higher levels in neonate blood serum in comparison to adult blood, suggesting milk miRNAs 
may be absorbed through the gut of the young. The function of miRNA in mammary gland 
development and secretory activity has been proposed, but results from the current study also 
support a differential role of milk miRNA in regulation of development in the pouch young, 
revealing a new potential molecular communication between mother and young during 
mammalian lactation. 
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1.1 Introduction 
The study of fetal lung development and the factors involved in driving this process during 
gestation is an emerging field. In the past few decades, research has focused on studying lung 
development in species like mice (Mariani et al., 2002) and humans (Burri, 1984). For efficient 
respiratory function the lung provides a large surface area with a thin membrane of alveolar 
capillary barrier for gaseous transfer. Therefore, the respiratory system consists of highly 
branched ductal morphology with numerous alveolar sacs. These alveoli are lined by a specific 
type of respiratory epithelial cell to perform respiration and protect the alveoli from collapsing 
at the air-liquid interface (Whitsett et al., 2010). The lung must therefore be mature enough 
physiologically and biochemically to maintain proper respiratory function (Philip, 1977) in the 
newborn, and the lack of any of these structures leads to respiratory failure in  neonates.  
In all mammals, except immature marsupial and monotreme neonates, fetal lung undergoes 
progressive development during gestation in order to perform gaseous exchange between the 
air and blood immediately after birth. The marsupial young is born at an altricial stage after a 
short gestation and the majority of development occurs postnatally, and is most likely 
dependent on factors provided in milk (Brennan et al., 2007, Nicholas et al., 1997). Therefore, 
my research exploits the reproductive strategy of the marsupial as a unique model to better 
understand the factors involved in regulating lung development.  
1.2 Stages of lung development 
Lung organogenesis is a complex process and involves several factors regulating the pattern of 
cell differentiation, communication and proliferation (Warburton et al., 2000, Ornitz and Yin, 
2012). Understanding the key signalling pathways involved in lung development provides 
information on mechanisms involved in the development process. The lungs, apart from their 
regular function of respiration, face wide challenges due to external environment exposure and 
must have functions that include immune protection and clearing external toxins (Warburton et 
al., 2008, Burri, 1984). In eutherians, the majority of lung morphogenesis in the young occurs 
during gestation and early postnatal life. During gestation, fetal development is driven by 
maternal factors including placental and amniotic fluids (Underwood et al., 2005, Bell et al., 
1999). The process of lung development in all mammals is similar, but differs between species 
in the postnatal and perinatal development period (Tschanz, 2007b). In humans, fetal lung 
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movement is observed at week 11 of gestation and gradually this movement is increased (Joshi 
and Kotecha, 2007). During gestation, the placenta performs gaseous exchange between the 
fetus and the mother (Mess and Ferner, 2010a, Mess and Carter, 2007) and simultaneously, the 
fetal lung develops completely to perform gaseous exchange immediately after birth (Philip, 
1977). The organogenesis of the lung is basically divided into five stages; embryonic, 
pseudoglandular, canalicular, saccular and alveolar stages (Figure 1.1) (Post and Copland, 2002). 
In mammals, initially the lung appears as budding from the foregut, and the tracheal grove buds 
into two main bronchi. The lung endodermal tissue is surrounded by mesenchyme tissue and 
the interaction among epithelium-mesenchyme supports the formation of respiratory tree 
(Shannon, 1994, Shannon and Hyatt, 2004, Warburton et al., 2000). 
 
 
Figure 1.1: Perinatal and postnatal development of lung in humans. Schematic         
representation of different stages of lung development with time line and summary of the key 
events at each stage of development. Modified from (Heuberger and Birchmeier, 2010) 
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1.2.1 Embryonic Development of the Lung 
In mammals like human, mice and rat, at the early embryonic stage the lung begins to develop 
from the laryngo-tracheal groove at the floor of the pharynx and appears like a tiny 
diverticulum (Figure 1.2A) (Warburton et al., 2008, Burri, 1984). The lung trachea is developed 
from epithelial cells of the foregut endoderm (Cardoso and Lu, 2006) and the differentiation of 
epithelial cells from endothelial cells requires several transcriptional factors (Perl and Whitsett, 
1999). From the endodermal tissue of primary lung buds, a right and left bronchus are formed 
(Jeffery, 1998). During this embryonic stage, the mesenchyme tissue and the vascular 
connections are also developed by forming pulmonary veins and arteries which continue to 
grow around the airway buds though vasculogenesis and this process is completed by the end 
of embryonic stage (Burri, 1984). Following the early embryonic stage, the lung undergoes 
successive morphological changes to form a respiratory tree with airways and airspaces (Burri, 
1984). 
1.2.2 Pseudoglandular stage 
Histological sections of lung at the pseudoglandular stage of development resemble a glandular 
structure. During this stage, the major conducting air ways are formed by rapid proliferation of 
primitive airways which are lined by columnar epithelial cells (Figure 1.2B) (Kotecha, 2000a, 
Joshi and Kotecha, 2007). By the end of the pseudoglandular stage, the airway tubes are 
surrounded by tissue with cartilage and smooth muscle and they give rise to gaseous 
exchanging parenchyma for further development (Burri, 1984). The branching pattern remains 
unchanged after this stage and resembles that of the adult lung (Bucher and Reid, 1961).  
1.2.3 Canalicular stage 
During the canalicular stage, three to five terminal bronchi develop from primitive lung lobes 
which have developed at the end of the pseudoglandular stage. During the canalicular stage the 
cuboidal epithelial cells differentiate into Type-I and Type-II epithelial cells (Figure 1.2C) 
(Kotecha, 2000b). The Type-I cells begin to form a lining around the air sacs by a flattening 
process which helps in future air-blood interaction (Hislop, 2002). Simultaneously, the Type-II 
cells begin to develop large laminar bodies in the cytoplasm which are filled with surfactants 
(Hislop, 2002). Histological sections of the lung at this stage show large air sacs with fully 
developed smooth muscle and the epithelial cells and capillaries have the potential to support  
gaseous exchange (Burri and Moschopulos, 1992). 
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1.2.4 Saccular stage 
The major developmental changes during the saccular stage are the reduction in the thickness 
between the respiratory epithelial cell and pulmonary mesenchyme and further development 
of the distal capillary network (Whitsett and Wert, 2006). During this stage the Type-I and Type-
II cells rapidly proliferate and the majority form Type-I cells (Figure 1.2D) (Voelkel and MacNee, 
2002). The major developmental changes during this stage are the formation of reparatory 
bronchioles with terminal air sacs and the beginning of alveolar septation. The Type-I cells are 
flattened further and the Type-II cells increase the production of surfactants. Histological 
sectioning at this stage shows sac-like appearance of peripheral airspaces which define the 
saccular stage (Burri, 1984). 
 
Figure 1.2: Morphological changes during human fetal lung development. Schematic 
representation of the developmental changes in capillaries and lung epithelial cells at different 
stages of fetal lung development (A, B, C, D, E). Adopted from (Mescher, 2013) 
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1.2.5 Alveolar stage 
Lung structure and function is influenced by both prenatal and postnatal challenges. Even 
though the lung has matured at the time of birth external factors like oxygen availability and 
neonatal hormonal systems can influence the lung genetic programing. In general, the fetal 
lung is filled with amniotic fluid and supplied with potential factors from maternal circulation 
for growth and development to perform respiratory function immediately after birth (Hooper 
and Harding, 1995). At birth, fetal breathing activity is usually stopped and the fluid from the 
lung is replaced with external air (Hooper and Harding, 1995). The beginning of this stage is not 
well defined as the alveoli start appearing prior to this stage and increase their number to 
several million after birth during early postnatal life (Burri, 2006). The major changes in this 
stage are the formation of a double walled capillary system surrounded by respiratory epithelial 
cells (Burri and Weibel, 1975). Formation of the secondary septa at terminal air sacs increases 
the number of alveoli, and this stage is usually extended into the postnatal period of 
development (Figure 1.2E) (Burri, 2006).  
1.3 Neonatal deaths due to respiratory system failure 
In all newborn mammals, the ability to survive in the external environment depends on the 
degree of respiratory system maturity at birth (Ferner et al., 2009). Fetal development is a 
programmed cascade and any disruption in this process may cause abnormalities in the 
neonates after birth (Myatt, 2006). Normal lung development involves cellular differentiation, 
establishing the conducting airways and alveoli, in parallel the vascularisation is also essential 
for formation of the air-blood barrier.  Human neonates born before 37 weeks of gestation are 
considered preterm (Ucar et al., 2010, Goldenberg and Rouse, 1998). Their normal lung 
development is interrupted by a short gestation, leading to an increased  frequency of death 
(Fraser et al., 2004). Infants born preterm are affected with various other health and 
developmental problems like limited central nervous system, immature immunity and  
gastrointestinal complications (Beck et al., 2010, Petrou, 2005). It has been estimated that 
annually 12.9 million babies are born preterm globally and approximately 24% of the 4 million 
annual neonate deaths are due to preterm birth complications and, therefore, it is a major 
issue for human health (Harris Requejo and Merialdi, 2010).  In Australia, the 2009 annual 
preterm neonate survey has shown that 8.5% of 299,220 births were preterm neonates and 
their death rate was 9.8% for every 1000 births, the majority a result of respiratory failure 
19 
 
  Chapter 1 
(AIHW, 2011).  Although neonatal care studies have developed several techniques to provide 
adequate gas exchange and accelerate lung maturation to improve health outcomes, most 
preterm neonates are at great risk of developing several pulmonary disorders (Smith et al. 
2010).  
1.3.1 Respiratory complication and available treatments for preterm infants 
The main cause of respiratory complication, respiration distress syndrome (RDS), in new born 
infants is due to pulmonary immaturity which usually results from pulmonary surfactant 
deficiency, tracheobronchial disease and pleural space abnormality (Burri, 1984). The majority 
of RDS risk is proportional to gestational age and approximately 25% of preterm neonates born 
after 30 weeks of gestational age suffer with RDS, whereas 50% of neonates born before 30 
weeks of gestation suffer with RDS (Ramanathan, 2006). The lungs of preterm infants are 
structurally underdeveloped, the total volume of the lung is comparatively less and the 
thickness of the airspace septa is higher than matured lung (Figure 1.3). Preterm infants are 
deficient in the amount of pulmonary  surfactant (Swischuk, 1997). Surfactants are a complex 
mixture of phospholipids and proteins, secreted by pulmonary Type-II cells (cuboidal cells) in 
alveoli (Whitsett et al., 2010). There are four types of surfactant proteins (SP) secreted by the 
Type-II cells; SP-A, SP-B, SP-C, and SP-D (Whitsett et al., 2010). The role of surfactant is 
essentially to maintain proper surface tension and to avoid the persistent collapse of alveoli 
during respiration (Swischuk and John, 1996, Swischuk et al., 1996). In the human fetus, 
surfactants first appear around 24 weeks of gestation age and the amount of surfactant 
produced gradually increases by 35 weeks of gestation (Gross, 1990). 
Infants suffering with irregular breathing and inadequate amount of surfactants are treated by 
using respiratory ventilation, an oxygen hood and continuous positive airway pressure (CPAP) 
for delivery of pressurized air through the nasal cavity to help breathing activity (Fraser et al., 
2004). Infants are also treated with regular doses of exogenous surfactants to protect the lung 
from collapsing. However, this treatment with either natural or artificial exogenous surfactant 
is only effective at the time of delivery (Ramanathan, 2006). In some cases, preterm infants 
suffer bronchopulmonary dysplasia (BPD), a condition characterized by lung immaturity and 
deterioration. The treatment in such cases usually involves ventilation. Better understanding of 
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the process of lung development and the molecular mechanism of lung maturation may 
provide new therapeutic approaches for reducing the number of preterm deaths.   
 
 
Figure 1.3: Preterm infant lung. Comparison of lung volume and thickness of alveoli septa in 
full term and preterm infant lung.  
1.4 Factors regulating lung development 
Lung development is a complex process regulated by both external maternal signalling factors 
and microenvironment conditions (Morrisey et al., 2013). The embryonic lung develops  from a 
primitive bud and undergoes a number of morphological changes coupled with angiogenesis 
(Warburton et al., 2000). During embryonic lung development, the epithelium and surrounding 
mesenchyme interaction define lung morphology, and other signalling factors including growth 
factors and hormones are delivered from the maternal circulation. Epithelial and mesenchyme 
interactions are considered primary factors and are crucial during lung organogenesis 
(Grobstein, 1967, Cardoso and Lu, 2006). The soluble agents secreted by epithelial and 
mesenchyme cells create a regulatory feedback loop to regulate budding and differentiation 
(Bluemink et al., 1976, Alescio and Cassini, 1962, Stabellini et al., 2001). In addition, the key 
compounds including the extracellular matrix and intrinsic growth factors are secreted from the 
cells (Goldin and Wessells, 1979).  
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1.4.1 Transcription factors and growth factors 
Several transcription factors are involved in the developmental process (Bellusci et al., 1997, 
Bellusci et al., 1996, Pepicelli et al., 1998). The mesenchymal progenitor cells, like smooth 
muscles cells, are regulated by transcriptional factors Sonic Hedgehog (SHH) and Bone 
morphogenetic protein 4 (BMP4) that help in trans-differentiation of smooth muscle cells to 
express alpha smooth muscle actin fibres. SHH and BMP4 can increase the proliferation of both 
epithelial and mesenchymal cells during embryonic lung development (Bellusci et al., 1997). 
The key function of Wnt family members is to regulate cell proliferation and this has been 
demonstrated in hematopoietic cells (Van den Berg et al., 1998), intestinal (Lickert et al., 2000) 
and mammary epithelial cells (Bradley and Brown, 1995). During early lung development, Wnt 
signalling is curial for epithelial-mesenchymal interactions, where Wnt7b regulates 
mesenchymal growth (Shu et al., 2002). Wnt7b signalling from the epithelium regulates 
mesenchymal cell proliferation and further regulates branching morphogenesis (Shu et al., 
2002).  The transcriptional factors expressed by epithelium are GATA-binding factor 6 (GATA-6) 
(Keijzer et al., 2001), Thyroid transcription factor-1 (TTF-1) (Ikeda et al., 1995) and HNF-
3/forkhead homologue 4 (HFH-4) (Tichelaar et al., 1999). The transcriptional factors expressed 
in mesenchyme are GLI family zinc finger 2 (Gli2) and GLI family zinc finger 3 (Gli3) (Motoyama 
et al., 1998) and SHH (Pepicelli et al., 1998). The transcriptional factors expressed by epithelium 
are Fibroblast growth factor (FGF) (Lebeche et al., 1999) and epidermal growth factor (EGF) 
(Ruocco et al., 1996).  
The TGF-E signalling can regulate the proliferation of various cell types; TGF-E subfamily TGF-E 
1, 2 and 3 induce the mesenchymal cell proliferation and secretion of ECM components 
(McCartney-Francis et al., 1998, Massague, 1998, Gabbiani, 2003). TGF-E regulates various 
matrix factors such as collagen Type-I and D-SMA and these factors act in regulating fibroblast 
and myofibroblast cells (Serini et al., 1998). TGF-E can stimulate the mesenchymal stem cells to 
differentiate into myofibroblast cells (Popova et al., 2010). The majority of these soluble factors 
are involved in epithelium-mesenchyme interactions during lung development. Growth factors 
also regulate lung development by activation of pathways involved in branching morphogenesis 
and regulate cell behaviour (Fu et al., 1991, Yamasaki et al., 1996). Previous studies have 
revealed epidermal growth factor (EGF), fibroblast growth factor (FGF), vascular endothelial 
growth factor (VEGF), platelet-derived growth factor (PDGF), hepatocyte growth factor (HGF) 
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and transforming growth factor (TGF) are involved in regulating the lung developmental 
process (Kumar et al., 2005, Warburton et al., 2008). Similarly, other external factors like 
glucocorticoids and hormones have roles in lung development by maturing the surfactant 
system (Hitchcock, 1979, Liming et al., 2011). 
1.4.2 Extracellular matrix 
The extracellular matrix (ECM) provides a complex signaling network between epithelia and 
mesenchyme (Shannon and Hyatt, 2004, Minoo and King, 1994). The mesenchymal-epithelial 
interactions are essential for epithelial branching morphogenesis (Alescio and Cassini, 1962, 
Masters, 1976). In addition, the ECM itself can regulate the growth, polarization and 
differentiation of lung cells (Shannon et al., 1998, Alescio and Cassini, 1962, Wessells, 1970, 
Warburton and Lee, 1999). Collagens and laminins are highly expressed in lung and are involved 
in regulating lung morphology (Schuger et al., 1992). The MMPs (Matrix metalloproteinase) are 
also involved in lung organogenesis, branching morphogenesis, alveolarization (Kheradmand et 
al., 2002) and angiogenesis (Stetler-Stevenson, 1999, Cornelius et al., 1998, Dong et al., 1997). 
Angiogenesis is also regulated by matrix and matrix related proteolitic enzymes providing 
structural support to extend the blood vessel network. Together the ECM and MMPs provide a 
favourable microenvironment to promote angiogenesis (Montesano et al., 1983, Haas et al., 
1998).  
Apart from these intrinsic factors, the development of organs is signalled by external factors. In 
general, they are provided from the maternal circulation ether through placenta during 
intrauterine development or later through milk during early postnatal life, this is majorly 
important in primitive mammals as the new born are immature and solely relies on milk as a 
source of development (Nicholas et al., 1997).  
1.5 Evolutionary adaptations to support the fetal development 
The factors responsible for development of the fetus are generally supplied through the 
placenta via the umbilical cord. In eutherians, the placenta mediates the maternal source to 
regulate intrauterine fetal development and the placenta also plays a key role in fetal growth by 
supplying various bioactives (Garnica and Chan, 1996, Bell et al., 1999). Apart from maternal 
factors, placenta itself is an endocrine organ delivering hormones such as fetal growth hormone 
and insulin-like growth factor (Menzies et al., 2011, Fowden et al., 2006, Bauer et al., 1998). 
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Recent studies have demonstrated that the placenta programs brain development of the fetus 
(Zeltser and Leibel, 2011, Bonnin et al., 2011, Bonnin and Levitt, 2011). Hormones and other 
essential growth factors from the mother during gestation stimulate the growth and 
development of the fetus into the mature neonate (Fowden and Forhead, 2009, Fowden, 
1995).  During fetal development the placenta performs a wide range of physiological functions 
which are subsequently performed by the neonate after birth including respiration, endocrine 
and digestive processes (Jansson and Powell, 2006, Jansson and Powell, 2007). Blood from the 
fetus enters the umbilical arteries of the umbilical cord and blood enters the placenta with the 
required amount of oxygen and nutrition (Burton et al., 2010). The pattern of supplying the 
required signaling molecules for the development of fetal lung is  programmed by the placenta 
and any changes in placental function may cause a direct effect on fetal lung development and 
in some cases these may reduce the gestational age of the fetus (Myatt, 2006). 
1.5.1 Evolution of mammals and lactation 
The central concept of biological evolution is that all species have descended from a common 
origin (Knapp, 2009, Mayr, 1991). Due to natural selection, the genomic composition is 
stabilized in each species to adapt to the environmental changes and this has resulted in 
evolution of multiple species with unique adaptations. The evolutionary success is based on the 
degree of reproductive capacity and the ability to adapt with the environment long enough to 
reach reproductive age to assure the transfer of their genes to their offspring (Goldman et al., 
1998). These evolutionary changes may be the initial leap towards adapting lactation 
(Rothchild, 2003). The evolutionary innovation that defined mammals was the development of 
the mammary gland to support the survival of the newborn by providing nutrients produced by 
epidermal glands located on the ventral part of the mother's thorax (Daniel G, 1993, Goldman, 
2002). All mammals have evolved from common ancestors and are subclassed into three 
lineages based on reproduction strategies; monotreme, marsupials and eutherians (Zeller, 
1999, Tyndale-Biscoe CH, 1987). In the evolutionary process, the mammals appear to have 
descended from a megalecithal, egg-laying, mammal-like reptile (monotreme), and later 
primitive placental mammals (marsupial), and finally placental mammals (eutherian) (McKenna, 
1988, Kemp, 1982, Padian, 1997). The prototherians (monotremes) are the early mammals and 
diverged from their Theria ancestors around 166 to 220 million years ago (Figure 1.4) (Bininda-
Emonds et al., 2007, S. Blair Hedges, 2009).  
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Figure 1.4: Evolution of mammals and lactation. Pictorial detail of the evolution of mammals 
from ancestral amniotes with time lines on Y axis representing million years ago (Lefevre et al., 
2010). 
Monotremes, are egg laying but they nourish their neonates with milk like all other mammals 
(Griffiths, 1978). Later, the Theria divided into two lineages, the Metatheria and Eutheria 
around 140 million years ago (Figure 1.4) (Lefevre et al., 2010). Marsupials, also known as 
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metatherians are placental mammals but they have a primitive form of placenta and they give 
birth to immature pouch young after a short gestation (Tyndale-Biscoe, 1988). The major 
development and growth of the marsupial young occurs postnatally during early lactation 
(Renfree, 2006). In general, the factors responsible for development of the fetus in eutherians 
are supplied through the placenta via the umbilical cord. In contrast, these factors are secreted 
in milk and supplied to the pouch young of marsupials during a long lactation period (Zeller and 
Freyer, 2001). Unlike marsupials, eutherians give birth to a completely developed neonate after 
a long gestation period (John Bienenstock, 2005). 
1.6 Mammary gland development 
Mammary gland undergoes extensive morphological changes during the course of development 
from embryonic to lactation stage (Topper and Freeman, 1980). The mammary gland is derived 
from an ectoderm layer and the mammary band (placode) develops into primary mammary 
buds through cell differentiation (Cowin and Wysolmerski, 2010). However, early mammary 
gland development widely varies among species, in terms of time of initiation of the mammary 
bud to a rudimentary gland (Knight and Peaker, 1982). Marsupials differs from eutherians 
during early stages of mammogenesis, including differentiation of scrotum and developing 
mammary primordial (Renfree et al., 1996). During postnatal life, both sexual maturation and 
progression of mammogenesis are regulated by the female sexual hormonal system including 
estrogen (Lemmen et al., 1999), progesterone (Lydon et al., 1995) and pituitary gland hormones 
(prolactin and somatotropin) (Brisken and O’Malley, 2010). These hormones stimulate ductal 
formation and branching morphogenesis, and giving rise to terminal end buds. These terminal 
end buds extends into the surrounding mammary fat pad by cell proliferation and 
differentiation giving rise to terminal end buds (Knight and Peaker, 1982).  
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Figure 1.5: Schematic representation of marsupial tammar mammary gland development. A 
primitive bud forms at late fetal stage and develops into a rudimentary gland during early 
postnatal life. After puberty the gland undergoes branching morphogenesis extending into the 
surrounding fat pad. At pregnancy the terminal end buds give rise to alveolar structures.  
Throughout the lactation cycle, the mammary gland undergoes extensive morphological 
changes (Watson et al., 1998). At puberty the mammary gland develops a branching network, 
which is functionally inactive until the initiation of the reproduction cycle. During pregnancy, 
both estrogen and progesterone hormone levels are raised to promote mammary gland 
development (Figure 1.5). The majority of mammogenesis takes place during gestation and 
includes the formation of secondary ductal branches and alveoli structures (Figure 1.5).  During 
pregnancy, the mammary gland epithelial cells proliferate to form alveoli in response to 
hormonal stimulation (Oakes et al., 2006). Prolactin is largely involved in alveoli development 
during pregnancy by initiating the alveolization along with other endocrine signals (Ormandy et 
al., 1997). As gestation progresses, the number of alveoli increase in number and extend 
throughout the fat pad. However, the synthesis of milk is partially on hold until around the time 
of the birth of newborn. Lactogenesis begins with the mammary gland undergoing further 
development in alveoli and commencing milk secretion (Simpson and Nicholas, 2002). During 
lactation, the mammary gland is fully functional for galactopoesis and is regulated by a number 
of hormones including prolactin, insulin, glucocorticoids, thyroid hormone and oxytocin (Daniel 
and Smith, 1999, Wall and McFadden, 2012). Prolactin is considered an important signalling 
factor for parental care during lactation and such physiology is absent in reptiles which may be 
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due to the lack of prolactin (Rothchild, 2003). The truncated viviparity and adaptation to 
lactation in early mammals (monotreme) may have led to the survival of the ultra-altricial 
neonates. The growth of the mammary gland progresses even during lactation by increasing the 
size of mammary gland to produce enough milk for the growing neonate. Weaning of the young 
initiates the onset of involution, during which milk secretion is ceased and the cells within the 
alveoli undergo apoptosis (Oakes et al., 2006). Extensive remodelling occurs and the gland is 
returned to the simple ductal structure resembling a gland from a mature virgin animal.   
1.7 Milk acts as source of bioactives 
Understanding the composition of milk has been a fundamental topic of focus in lactation 
biology. The molecular basis of mammary gland function has been studied from an evolutionary 
perspective to understand the evolution of mammals and adaption of the lactation system to 
support the survival of the newborns by providing nutrients (Lefevre et al., 2010, Daniel G, 
1993). Milk as a nutritional source is well established, but milk is also composed of various 
bioactive components supporting early development of the neonate (Liao et al., 2011, Donovan 
and Odle, 1994, Oftedal and Iverson, 1995) and also regulates mammary gland development 
and function (Blum and Baumrucker, 2002, Wakao et al., 1995).  
Milk bioactives include growth factors, proteins, peptides, fatty acids, hormones and potentially 
miRNA (Donovan and Odle, 1994, Modepalli et al., 2014). The presence of various bioactives in 
milk raises question about their role in neonatal growth and development. Studies on the role 
of milk in neonates have shown that factors in milk have a potential role in maturation of the 
immune systems of the neonate (Nicholas et al., 2012a). Milk is a source of different growth 
factors like epidermal growth factor, transforming growth factor, nerve growth factor, insulin, 
and insulin like growth factors supporting development (Donovan and Odle, 1994). Growth 
factors and hormones have been observed to have a crucial role in regulating organ 
development like maturation of neonate gut for the preparation of food intake (Kosaka et al., 
2010). Traditionally, it was believed that the development of the gut was not influenced by 
factors in milk, but recent observations have shown that bioactive components in colostrum 
and milk can influence the development of the gastro intestinal track (Bösze, 2008).   
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1.7.1 MicroRNA   
Like other milk bioactives, milk miRNAs may have a crucial role in development due to their 
participation in gene regulation. Milk is also a source of miRNAs and recent findings suggested 
that apart from proteins and peptides the mammary gland also packages and secretes miRNAs 
(Zhou et al., 2012). MicroRNAs are small untranslated RNAs involved in post-transcriptional 
modification of mRNAs, which in turn regulate protein levels (Zhu et al., 2011). miRNAs play a 
crucial role in regulating a wide range of cellular functions, such as cell differentiation, 
proliferation and cell death (Hwang and Mendell, 2006, Song and Tuan, 2006). Recent studies 
have shown that secretory miRNAs are found in body fluids including breast milk (Zhou et al., 
2012), saliva (Michael et al., 2010), plasma (Caby et al., 2005) and urine (Pisitkun et al., 2004). 
Presence of miRNAs in these body fluids suggests they play extracellular roles by allowing cell 
to cell signalling and subsequently regulating cellular function. Discovery of miRNA in the milk 
of various species potentially has profound implications in understanding their role in neonate 
development and immune regulation. However, the exact secretion, mechanism and the 
physiological role of these miRNAs is not yet clear.  Studies on the miRNA expression profiles of 
human breast milk have shown the presence of functional miRNAs, indicating that milk 
mediates the supply of maternal miRNA to infants, potentially further regulating the gene 
expression of infant tissues during lactation (Kosaka et al., 2010). The existence of exogenous 
miRNAs in the blood serum and other body fluids may suggest that miRNAs play a significant 
role in other sites of the body (Mitchell et al., 2008, Chen et al., 2008). Transportation of milk 
miRNAs Recent studies on milk miRNA from different eutherian species includes human 
(Kosaka et al., 2010), porcine (Gu et al., 2012) and goat (Ji et al., 2012) have shown that miRNAs 
are packed into the exosomes and passed on to the neonates along with other components. 
The majority of these milk miRNAs are related to immune regulation and these miRNAs may be 
involved in regulating the immune system of the suckling young. The miRNA knockout studies 
in both laboratory models, zebra fish and mouse have proven miRNAs are involved in various 
other biological process, including organogenesis and morphogenesis during fetal development 
such as,  liver (Filipowicz and Großhans, 2011, Wienholds et al., 2005b, Wu et al., 2009), brain 
(McKiernan et al., 2012, Liu et al., 2010, Li et al., 2011), kidney (Agrawal et al., 2009) and retinal 
(Conte et al., 2010, Avellino et al., 2013), by regulating mRNA expression. Recent studies on 
expression profiles of miRNAs in the developing lung have suggested a promising role in 
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regulating lung development (Khoshgoo et al., 2013); for example miR-127 has been implicated 
in regulating terminal bud development (Bhaskaran et al., 2009). Studies on milk miRNAs has 
helped in identifying their expression, but the role in neonatal development still remains to be 
fully identified. The expression of miRNAs in milk develops a perception that, milk miRNAs 
represent new signalling agents in the molecular relationship between mother and child that 
has evolved in the mammalian kingdom through lactation. The marsupial is an appropriate 
model to investigate the role of milk miRNAs in development of neonates, as the new born are 
immature and the majority of development is carried out postnatally and solely relies on milk 
as source of development (Nicholas et al., 2012a).  
1.8 Evolutionary adaptations in marsupials with a unique reproductive 
strategy 
Adaptation to lactation in mammals is an important evolutionary aspect and lactation became a 
vital feature for adapting to various reproduction strategies in different mammal lineages 
(Lefevre et al., 2010). Marsupials are placental mammals like eutherians, but they have 
developed different reproduction strategies (Renfree, 1981). Eutherians, such as the human 
undergo a long gestation period followed by a relatively short lactation and the composition of 
milk does not change significantly (Jenness, 1986, Ballard et al., 1995). In contrast, marsupials 
such as the tammar wallaby have a short gestation and a long lactation and the milk 
composition changes significantly throughout lactation to provide factors for growth and 
development of the immature neonate (Nicholas et al., 1997, Ballard et al., 1995, Lefevre et al., 
2010). The lactation period of marsupial species like the allied rock wallaby (Petrogale assimilis) 
(Merchant, 1966), north American opossum (Didelphis Virginiana) (Green et al., 1996) and 
tammar wallaby (Macropus eugenii) (Bird et al., 1994, Nicholas, 1988a)have been characterized 
previously and showed that the composition of milk in marsupials changes significantly 
throughout lactation (Green et al., 1983).  
1.8.1 The lactation cycle in the tammar 
Tammar wallaby is the one of most studied marsupials, where its lactation period is divided into 
three phases (phase 2A, phase 2B and phase 3) based on the composition of the milk, growth 
and behaviour of the young (Figure 1.6). Tammar young are born after 29.3 days of gestation 
and weigh approximately 440 milligrams (Ward and Renfree, 1984).  
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Figure 1.6: Lactation cycle of tammar wallaby, representing the change in milk composition 
during different phases of lactation phase 2A, phase 2B and phase 3. The expression of ELP 
(early lactation protein), WAP (whey acidic protein and LLP (Late lactation protein) was 
observed only at specific phases. Modified from (Nicholas et al., 2012a).  
During the early phase of lactation (phase 2A), the young is permanently attached to the teat 
and the mother secretes dilute milk with a low concentration of protein and lipids but a high 
concentration of carbohydrates (Messer and Nicholas, 1991). During the first 100 days, the 
development of the neonate is similar to a late stage eutherian foetus. Therefore, the signalling 
factors involved in the development of the eutherian foetus may be delivered in the milk 
secreted by marsupials (Brennan et al., 2007).  
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In general, the pouch young are born with immature organs due to their short gestation and 
during early lactation, the pouch young organs necessary for their survival such as respiratory 
system (Runciman et al., 1996), lymphoid tissues (Basden et al., 1997), nervous system 
including brain and spinal-card (Harrison and Porter, 1992, Saunders et al., 1989) (Saunders et 
al., 1989) are rapidly developed. In mid-lactation the young remains in the pouch without being 
permanently attached to the teat and milk composition remains similar although changes in 
milk protein composition have been observed (Nicholas et al., 1997). At this stage, the eyes of 
the pouch young are opened, underfur is visible and by end of phase 2B, the kidney is 
functional to produce concentrated urine and the thyroid gland is fully developed (Janssens et 
al., 1990).  By the end of lactation in phase 3, the pouch young begins feeding on vegetation but 
still consumes milk from the mother until 300-350 days of age. In this phase, the milk becomes 
rich in protein and lipids with a reduction in the concentration of carbohydrates (Green et al., 
1983). In tammar, the expression of phase specific proteins encompass early lactation protein 
(ELP) (Coraux et al.), whey acid protein (WAP) and late lactation protein-A &B (LLPs) (Figure 1.6) 
(Brennan et al., 2007).   
1.8.2 The marsupial as model for studying lung development 
The difference in reproduction and the development of neonates in marsupials and eutherians 
provide thought-provoking potential to investigate how the marsupial neonates survive with 
immature organs like the respiratory system at the time of birth. In all mammals, the structural 
development of lung is similar and only differ in the rate of maturation at birth (Tschanz, 
2007b). During the evolution of mammals, the marsupials and eutherians have adopted 
different reproduction strategies which have given rise to a differences in lung maturation at 
birth. In marsupials, the lung is immature and still in the saccular stage of development (Mess 
and Ferner, 2010a). Histological sections of the lung from newborn marsupial short-tailed 
opossum (Monodelphis domestica) and tammar wallaby (Macropus eugenii) are composed of 
large terminal air sacs with a small surface area for respiration (Szdzuy et al., 2008). In the 
majority of placental  eutherians, mammals, including humans, the lung of newborn neonates is 
at the alveolar stage of development (Szdzuy and Zeller, 2009). However, there are some 
exceptional eutherian mammals like the Belangeri tree shrew (Tupaia belangeri) where the 
lung of the new born is still transforming from saccular stage  to alveolar stage (Ferner et al., 
2010). Even though marsupials and eutherians are different in the phase of lung development 
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at birth, the lung has to perform its respiratory function as the metabolic rate of new born 
neonates depends on lung function (Mess and Ferner, 2010a). Due to incomplete lung 
development of the neonate some marsupial species have adapted to perform respiration 
through their skin to meet their demand for oxygen (Frappell and Mortola, 2000, Mortola et al., 
1999). In all mammals, the extent of pulmonary development depends on a period of 
intrauterine development, as the factors responsible for fetal lung development are provided 
through the maternal supply (Ferner et al., 2009, Sibley et al., 1997). In eutherians, the 
placental factors responsible for lung development are supplied through the placenta and at 
birth the neonate lungs have matured for normal function, whereas marsupials with a primitive 
placenta give birth to an immature neonate after a short gestation period. The immature 
marsupials completely rely on the factors responsible for maturation supplied through milk 
(Nicholas et al., 1997). 
1.8.3 Marsupial milk supports pouch young development 
It has been suggested that tammar milk may provide necessary biological factors for supporting 
pouch young maturation postnatally (Joss et al., 2009, Kwek et al., 2009b, Trott et al., 2003). 
Recent studies on understanding the changes in tammar milk protein secreted during lactation 
have revealed several factors that may involve maturation of internal organs (Joss et al., 2009, 
Kwek et al., 2009b, Trott et al., 2003). Fostering experiments performed in tammar to 
understand regulatory effect of milk composition on rate of pouch young development have 
demonstrated that by transferring the early pouch young to a late lactating tammar mothers 
can accelerate the growth and development of pouch young (Joss et al., 2009, Kwek et al., 
2009b, Trott et al., 2003). Studies attempting to identify the role of milk factors in gut 
development of the marsupial tammar wallaby pouch young have shown that every phase of 
milk has specific factors triggering phenotype changes in the neonate stomach and the late 
phase milk can drive stomach maturation following  cross fostering the early phase neonate to 
late phase lactating mother (Kwek et al., 2009b). Milk is a vital immune source aiding in 
protecting the mammary gland (Ellis et al., 1997, Grosvenor et al., 1993) and modulating the 
microbial flora of neonate gut (Schanbacher et al., 1998). Our recent studies on gene 
expression profiles of tammar wallaby milk protein genes have shown differential expression 
profiles of genes encoding antibacterial proteins WAP four disulfide core domain 2 (WFDC2) 
(Sharp et al., 2007) and cathelicidin (Daly et al., 2008).  Further analysis of the WFDC2 protein 
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has shown specific antibacterial activity protecting the mammary gland of the mother, whilst 
avoiding the disruption of neonatal gut microbial flora (Watt et al., 2012). Similarly, the tammar 
cathelicidin protein has been shown to play a role in regulating the innate immunity of the 
pouch young, whilst simultaneously regulating mammary gland development (Wanyonyi et al., 
2011). Hence, the tammar provides an exceptional model for correlating milk composition with 
defined developmental changes in pouch young during lactation (Nicholas et al., 2012a, Sharp 
et al., 2008). The lung in tammar neonate is required to develop rapidly to become fully 
functional. We therefore hypothesize that tammar milk may play a potential role in lung 
maturation of pouch young during early lactation. In our current study, we propose to use an 
approach designed to take advantage of the altricial nature of marsupial neonates to 
understand the role of milk born factors in lung maturation of tammar wallaby pouch young.     
Newborn marsupials are similar in development to a late eutherian fetus and the immature 
lung is required to develop rapidly to become fully functional. Unlike eutherians, marsupials 
have the ability to allow the transmission of macromolecules across the gut wall due to their 
immature gut (Yadav, 1971). Therefore the milk proteins and peptides transmitted from the gut 
lumen into the peripheral circulation may play a regulatory role in lung maturation. For 
example, In marsupial species like the tammar wallaby and Brushtail possum, the thyroid gland 
is non- functional until mid-lactation (Setchell, 1974, Buaboocha and Gemmell, 1995), but 
analysis of thyroid hormone levels in the neonate have shown the presence of T4 & T3 thyroid 
hormones (Janssens et al., 1990) and the presence of thyroid hormone in the milk throughout 
lactation (Nicholas, 1988b). These findings suggest that the thyroid hormones in the neonate 
are acquired from the mother’s milk (Janssens et al., 1990). This theory was later supported by 
observing the transmission of radiolabelled thyroxin from mother to neonate in bush tailed 
possums (Trichosurus vulpecular) and bandicoots (Isoodon macrourus) during early lactation 
(Gemmell and Sernia, 1992). Studies on lung development in eutherians thus far have been 
limited by access to the fetus at early stages of development. In our current study, we propose 
to use an approach designed to take advantage of the altricial nature of marsupial neonates. 
These neonates are similar to the 40-day old human fetal stage and fetal rat at E13-E14 
(Saunders et al., 1989, Wang et al., 2009). This thesis focuses on the tammar wallaby (Macropus 
eugenii) and South American gray-short tailed opossum (Monodelphis Domestica) to 
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understand marsupial lung development. Like tammar wallaby, the opossum is also considered 
to have many advantages as potential marsupial laboratory animals.  
Figure 1.7: Monodelphis with pouch young’s. The new born are attached to the teats 
located at mother abdominal.  
The opossum can breed throughout the year and can be easily maintained in regular rat cages 
(VandeBerg and Robinson, 1997). Like other marsupials, the newborns are immature and the 
majority of their developmental changes occur during lactation (Figure 1.7). The milk 
composition profile of the American opossum has shown a similar profile to that observed in 
Australian marsupials (Green et al., 1991, Crisp et al., 1989). Studies have shown that lungs of 
the newborn monodelphis are at a late canalicular stage of development (Szdzuy et al., 2008). 
Like other marsupials, during the lactation period the neonate relies solely on developmental 
factors from mother’s milk (Green et al., 1991) during which, the lung matures into the alveolar 
phase by the end of lactation (Szdzuy et al., 2008). Hence, M.domestica neonates are a 
potential model for studying the development of the immature neonate lung. The continuous 
change in the composition of milk and its vital role in the development of the young present an 
excellent opportunity to use a second marsupial model to investigate milk derived 
developmental factors that support the maturation of the marsupial respiratory system during 
lactation. 
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1.9 Hypothesis 
 
x In the marsupial tammar wallaby (Macropus eugenii) and South American gray-short 
tailed opossum (Monodelphis Domestica), the bioactives in milk from the mother have a 
significant role in lung maturation of the newborn during its early postnatal life. 
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1.10 The research aims of the present project 
  
¾ To observe the postnatal lung development of M. domestica through morphological 
characterisation and gene expression profile. 
 
¾ To understand the significant role of early marsupial milk born factors in lung 
maturation of marsupial neonate  
 
¾ To examine the gene expression profile of tammar wallaby mammary gland and milk 
proteomics to identify developmental signaling factors. 
 
¾ To examine the expression profile of miRNAs in tammar milk and their potential role in 
as a signalling molecule for development of pouch young. 
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1.11 Knowledge gap 
 
Respiratory complications are frequently seen in premature infants and the risk of preterm 
death rate is high due to the incomplete development of the respiratory system. Improved 
surfactant therapy and oxygen ventilation have not significantly reduced these respiratory 
complications in preterm infants. Identifying the components responsible for lung development 
may accelerate lung maturation and provide new intervention therapies to reduce preterm 
deaths. Our research is exploiting the marsupial as a unique model to understand lung 
development. Marsupials are born as altricial neonates with immature organs and the majority 
of their organogenesis occurs in the early postnatal stage. This provides improved opportunities 
for examining the progressive changes in milk composition during lactation to identify specific 
bioactives for the maturation of the neonate lung. 
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2.1 Introduction 
In eutherians, lungs develop as a respiratory organ to exchange gases immediately after birth. 
In general, the majority of lung development occurs throughout intrauterine life and this 
development is driven by maternal factors delivered through placenta (Burton et al., 2010, 
Fowden and Forhead, 2009, Sibley et al., 1997). Lung development is categorized into five 
morphological stages (embryonic, pseudoglandular, canalicular, saccular and alveolar) based on 
characteristic morphology (Post and Copland, 2002, Loosli and Potter, 1959). In eutherians the 
lungs of newborns are predominantly at the alveolar stage of development and the key changes 
witnessed during early postnatal life are a rise in alveolar number and maturation of lung 
microvasculature (Szdzuy and Zeller, 2009).  
Even though eutherians and marsupials have evolved from common mammalian ancestors, 
they adopted different reproduction strategies (Lefevre et al., 2010). Eutherians, including 
humans, acquired a well-developed placenta which sustains the neonate for a longer period of 
time and give birth to a mature neonate after a long gestation (Renfree, 1981).  In  contrast, 
marsupials have retained a primitive form of placenta and give birth to immature neonates 
(Tyndale-Biscoe, 1988). Therefore, marsupial newborns are generally in comparatively earlier 
stages of development at birth and the primary systems of the marsupial newborn, including 
digestive, neuronal, immune and respiratory systems are immature and still under the process 
of development (Renfree, 2006). This study focuses on lung development of the marsupial 
opossum neonate (Monodelphis domestica).  
Lung developmental studies have been performed previously in several marsupial species, 
including bandicoot (Isoodon macrounus) (Gemmell and Little, 1982), Julia Creek dunnart 
(Sminthopsis douglasi) (Frappell and Mortola, 2000),  Tammar wallaby (Macropus eugenii) and 
gray short tailed opossum (Monodelphis domestica)  (Szdzuy et al., 2008). At birth, the lungs are 
comprised of a small number of large air sacs providing insignificant surface area for respiration 
and they are therefore considered  functionally immature (Mess and Ferner, 2010a). Studies of 
the respiratory mechanism of Julia creek dunnart and tammar wallaby neonates have 
demonstrated that marsupial newborns perform respiration through the skin during early 
postnatal development in order to meet their full oxygen requirement. However, this unique 
mechanism diminishes gradually during early development as the neonate lungs mature to 
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perform efficient respiration (Frappell and Mortola, 2000, Mortola et al., 1999). Therefore 
marsupial neonates are similar in development to a late eutherian foetus and the immature 
lung, corresponding to the 40-day old human fetal stage or fetal rat at E13 - E14 (Wang et al., 
2009), is required to develop rapidly to become fully functional. This provides improved 
opportunities to investigative the progressive changes in the gene expression profile of 
neonatal lung during postnatal development and to identify factors involved in maturation of 
the neonate lung. The current study used paired-end sequencing to explore lung development 
of the immature marsupial neonate in the South American gray-short tailed opossum 
(Monodelphis domestica) to characterise genes involved in the regulation of postnatal lung 
maturation.  
 
2.2 Material and Methods 
2.2.1 Ethical approval 
The monodelphis domestica lungs samples were collected from a colony of South American 
Grey short-tailed opossums, Monodelphis domestica was maintained at Biological Research 
Facility (BRF) at the University of Melbourne, the lung tissues were collected from a group of 
culled animals that were part of breeding program.  The toad lung samples were generously 
donated by Professor John Donald after humanely killing them for experimentation in the 
laboratory of Professor John Donald for research projects approved by the Deakin University 
Animal Ethics Committee.  
2.2.2 Lung tissue sample collection 
The South American gray short-tailed opossum were provided by the colony established at 
Melbourne University. Lungs were collected from neonates at day 1, 3, 6, 8, 12, 14, 18, 24, 29, 
35, 41, 51, 63, 100 of age and from an adult (n=3-5 young’s per state). The age of the neonates 
was determined by checking the breeding females on a daily basis after mating and removing 
young at appropriate ages after birth. 
2.2.3 RNA extraction 
The RNA isolation from whole individual lungs was performed using an RNA isolation kit 
(Ambion) following the manufacturer’s instructions, and the quality and integrity was 
confirmed using the Agilent 2100 Bioanalyser RNA Nano Chip. For RNA-seq the RNA samples 
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isolated from day 3, 8, 14, 29, 35, 63 of neonate development and adult stage were analysed. 
The RNA samples with RIN (RNA integrity number) value above 7 were selected for sequencing. 
2.2.4 Tissue Processing for Histology 
For histology, lung samples collected from neonates at day 1, 3, 6, 12, 18, 24, 29,35, 41, 51, 63 
of age and from an adult (n=3-5 young’s per state) were fixed in 10% neural buffered formalin 
for 24-48h and left in 70% ethanol prior to further processing. All the tissues were routinely 
processed using ascending ethanol series and xylene before embedment in paraffin wax. The 
embryonic lung samples were sectioned on a microtome in 4-6 μm thick slices and stained with 
Gill’s haematoxylin & eosin stains. The adult toad lungs (n=2) collected for morphological 
comparison were also similarly sectioned for histological analysis.  
2.2.5 Transcriptome sequencing 
RNA samples were sequenced using the Illumina Hiseq 2000 RNA-seq sequencing platform at 
BGI-HongKong Co., Ltd. Paired end raw RNA-seq read were cleaned by removing reads with 
adaptors, with unknown nucleotides larger than 5% and reads with low quality. Filtered RNA 
reads were then aligned to the opossum genome using 
monodelphis_domestica_broad05_67.gtf annotation from Ensemble by tophat-2.0.3, samtools-
0.1.18 and bowtie2-2.0.0-beta6 software tools. The RNA-seq data was analysed using SeqMonk 
(version 0.24.1), initially the data was aligned to Monodelphis domestica genome for 
annotation and probe quantification. The data was subjected RNA-Seq pipeline to define 
probes and quantification; the probes were defined through the probe generator selecting 
mRNA features and removing exact duplicates and probes with no data. The RNA-seq 
quantification pipeline was used for quantification (including mRNA features selection, log 
transform of normalised counts and reading duplicate reads only once). The acquired data was 
subjected to statistical filter by intensity difference (P<0.05) and identified 1242 genes are 
significantly differentially expressed. The quality of generated data was accessed further by 
plotting the Volcano plot, Scatter plot of RNA-seq expression data and Sample gene expression 
hierarchical clustering tree using SeqMonk and Cufflinks2.1.1.1 software. Hierarchical clustering 
was generated using the “Hierarchical Clustering Explorer” software. 
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2.2.6 Gene clustering and functional categorisation 
RNA-seq data was subjected to statistical analysis to identify significantly differentially 
expressed genes from the total sequence data using the SeqMonk programs. The significant 
differential expressed genes were subjected to clustering using Hierarchical Clustering Explorer. 
Heat maps were generated using Hierarchical Clustering Explorer and the gene expression 
profiles of each cluster group were also visualised. The PANTHERTM Classification System 
(http://www.pantherdb.org/) and DAVID Bioinformatics Resources 6.7 
(http://david.abcc.ncifcrf.gov/home.jsp ) were used to perform gene functional categorisation. 
The genes were analysed through functional classification and visualized in pie chart regrouping 
biological activities related to molecular functions and biological processes. Based on the 
number of genes falling in different categories the pie chart was drawn and the genes in each 
category listed. Gene sets involved in categories related to extracellular matrix, developmental 
process, cell communication and immune system were also identified.  
2.2.7 C-DNA synthesis and Q-PCR  
The RNA was isolated as described above and ~1 μg of total RNA per sample was used to 
synthesise cDNA.  Superscript IIITM Reverse Transcriptase (Invitrogen) was used to synthesise 
cDNA following manufacturer instructions. Real time Q-PCR was performed using SsoFast 
EvaGreen Supermix (Bio-Rad) and CFX96TM Real-Time PCR Detection System (Bio-Rad). The 
reaction mix contained diluted cDNA, 1X master mix and Forward and Reverse primers (Table 
2.1). All samples were assayed in triplicate. Amplification curves were generated with an initial 
denaturing step for 30 minutes at 94°C, followed by 40 cycles at 940C for 30 seconds, 600C for 
30 seconds and 720C for 30 seconds.  Each real time assay was performed on three individual 
lung samples at each time point. 
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Table 2.1: List of primers for respective genes used in q-PCR analysis to validate the RNA-
seq data. 
 
 
 
 
Gene-Title Forward Primer 5’-3’ Reverse Primer 5’-3’ 
MYOT (myotilin) GCCTCAGATGCAGGAACTTAT CCAGAATATCTTTGGTGGAGGT 
DSG1 (desmoglein 1) AAACTACCTCGAGTGGCGTG AACAGGCTCAAAGCCTCCTC 
CA3 (carbonic anhydrase III) GCTTCACCTGGTTCACTGGA AAGCCGGGAAAAGGCAAGAT 
SPINK5 (serine peptidase  
inhibitor, Kazal type 5) 
GTGACCCTGTACGTGATGCT TGACTGGGTCACTCTCTCGT 
SERPINC1 (serpin peptidase  
inhibitor, clade C, member 1) 
AGCAGCTCATGGAGGTGTTC AGCTTGGCTCCATATACCGC 
18S  CCCGAGAAGTTCCAGCACAT TGATAGTGATCACGCGCTCC 
RPL19 (ribosomal protein 
 L19) 
GTATGGCTTGACCCCAACGA CTTCTCAGGCATACGGGCAT 
PPIL4 (peptidylprolyl  
isomerase (cyclophilin)-like 4) 
ACAATGGCAGTGATCAACATGG AAGCCAGCTGGGTCATCAAA 
ARSF (arylsulfatase F) ACATTCGCAGCCACCCTAAA AGGATCTGGCCAACAAGAGC 
FGA (fibrinogen alpha chain) CCCTCACAGAGAAGCAAGCA CATCATCACAGTCTCGGGCA 
HPX (hemopexin) CCGACGGTTTAACCCTGTGA CATCCCTCCCTGAGTCCAGA 
HTRA1 (HtrA serine  
peptidase1) 
CAGTAGCGAGCCGGTGTG TGGAAAAGGGTAGCTTGCGA 
TNC (tenascin C) GGCTTTAGCACACACCCTCT GGGTTTCAGCTTGGAGGTCA 
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2.3 Results 
2.3.1 Postnatal lung development of monodelphis young during lactation  
Lung samples collected from monodelphis young at day 1, 3, 8, 14, 29, 35, 63 and adult stage 
were processed for histology. H&E staining revealed that the new born and day 3 neonatal 
lungs consisted only of a few large air sacs surrounded by a thick layer of epithelial cells (Figure 
2.1A, B). Based on these observations the lung was considered to be in late canalicular stage of 
development at the time of birth. Lung collected at day 8 consisted of large air sacs and the 
thickness of the wall had reduced (Figure 2.1C). The sacs were lined with a single layer of cells 
and these large air sacs were connected with a single respiratory duct. Based on this 
morphology the lungs were transiting from canalicular to saccular stage of development. The 
number of air sacs had increased in the neonatal lungs collected at day 14 and the sacs were 
comparatively smaller in size, but the thickness of the air sacs had increased and only partial 
regions consisted of a thin layer of epithelial cells (Figure 2.1D). Further, at day 29 the number 
of air sacs had increased and the airways extended into the terminal air sacs. Due to an 
increase in the respiratory area by growth of air sacs, the amount of interstitial tissue had 
gradually decreased (Figure 2.1E). At day 35 the lungs were transiting from saccular to alveolar 
stage when primitive alveoli sacs were connected with air ducts (Figure 2.1F). At this stage, the 
airway system and branching pattern was established throughout the lung. Finally, after a large 
increase in the number of alveoli in lungs collected at day 63 postnatally the lung was 
considered fully matured (Figure 2.1G), since histology results from adult showed no major 
difference in morphology (Figure 2.1H). 
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Figure 2.1: H&E staining of lung tissue samples collected from monodelphis at different time 
points of postnatal development. Based on morphology, the new born (A) and day 3 (B) lungs 
were in the canalicular stage, lungs collected at day 8 (C) and day 14 (D) were at early saccular 
stage, and at saccular stage by day 29 (E) and day 35 (F, F1), while at day 63 (G, G1) lungs were 
mature with an increased alveolar number similar to an adult lung (H, H1). Lung tissues shown 
at higher magnification (F1, G1, H1). Scale bar 1mm. 
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2.3.2 Comparative lung morphological examination of monodelphis neonate and adult toad 
In order to investigate the morphological and respiratory adaptation mechanism of the 
newborn monodelphis the morphological similarity between lungs from marsupial newborn 
and toad were examined by histological analysis. Adult toad lungs were connected by a single 
respiratory duct and the whole lung consisted of large air sacs arranged like a honeycomb 
(Figure 2.2A, A.1). When these morphological characteristics were compared to monodelphis 
neonate lungs collected during postnatal development, the neonate lungs from day 8 
presented morphology most similar to the adult toad lungs (Figure 2.2B, C); lungs were 
comprised of few air sacs surrounded by a thick wall of cells and connected with a single 
respiratory duct.  
 
Figure 2.2: Lung morphology of monodelphis neonate and adult toad. Cross-section of adult 
toad lungs (A, A.1), H&E stained sections of toad (C, C.1) and monodelphis neonate lungs at day 
8 postpartum (B). Scale bar 1mm. 
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2.3.3 Transcriptomics of post-natal lung development in the marsupial opossum 
To extend our understanding of postnatal marsupial lung development, gene expression 
profiling of monodelphis lung was conducted by RNA-seq of tissue collected from young at  day 
3, 8, 14, 29, 35, 63 and adult stage. Transcriptome sequencing was performed using Illumina 
paired-end sequencing and the datasets were aligned to the monodelphis genome assembly for 
annotation and examination of differential gene expression. Hierarchical clustering of 
normalised quantitative expression data generated from lung samples at the seven time points 
during postnatal development suggested 3 major grouping of samples, corresponding to three 
phases of lung development: group1 (day 3, 8 and 14) represented early postnatal 
development samples, group 2 (day 29 and 35) mid postnatal development, and group 3 (day 
63 and adult) late development (Figure 2.3A, B &C). This result is consistent with the 
morphological analysis described above where day 3 to 14 lungs were in early saccular phase, 
day 29 and 35 in saccular stage and day 63 and adult in mature stage. Furthermore, the results 
confirm that there are two major transitions in gene expression of the developing organ 
corresponding to the early saccular-to-saccular and saccular-to-alveolar morphology 
transitions.  
Differential expression analysis revealed that there was also a number of genes that were 
uniquely or differentially expressed at specific time points during postnatal development (1242 
genes significantly differentially expressed between any time points at P < 0.05). Gene 
expression clustering of these genes produced 4 major clusters, following a unique pattern of 
temporal expression (Figure 2.4). In cluster A the genes are highly expressed during the later 
alveolar stage of development day 63 and adult (Figure 2.4A). Cluster B genes showed peak 
expression in saccular stage of development day 29 and 35 (Figure 2.4B). In cluster C most 
genes were highly expressed during the earlier postnatal period with a gradual reduction of 
expression during the course of development (Figure 2.4C). In cluster D genes were highly 
expressed during early stages of development form day 3 to day 29 with decreased expression 
from day 35 (Figure 2.4D). The results confirm that temporal differential expression of a subset 
of genes is associated with morphological changes during development, revealing gene markers 
and providing insight of the development processes. 
48 
 
 Chapter 2  
Figure 2.3: Sample distribution based on the gene expression profile of monodelphis lung. (A) 
Volcano plot and (B) Scatter plot of RNA-seq expression data. Samples are coloured by time 
points of lung development. (C) Sample gene expression hierarchical clustering tree. D3_1_I1 
(day3), D8_2_I1 (day8), D14_2_I1 (day14), D29_2_I1 (day29), D35_2_I1 (day35), D63_1_1_I1 
(day63), Adult_I1 (Adult). PC1 (principal component1), PC2 (principal component 2) are shown. 
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Figure 2.4: Clustering of 1242 genes with significantly differential expression at some point 
during postnatal lung development (P<0.05). The gene tree was generated by hierarchical 
clustering of gene expression profiles using the 7 time points. Rows represent genes and 
columns represent samples. Expression profile of four major gene clusters of highly expressed 
genes during (A) the later alveolar stage of development, (B) saccular stage of development,  
(C) earlier postnatal period with a gradual reduction of expression during the course of 
development, and (D) early stages of development.   
2.3.4 Functional categorisation 
Gene sets from each of the clusters of differential expression pattern identified above were 
selected for functional categorization by the PANTHERTM Classification System using functional 
categories related to biological processes, molecular functions, protein classes, cellular 
component and biological pathways as presented in the pie chart (Figure 2.5). The result 
displayed genes involved in cellular process (446), binding activity (363), developmental process 
(298) and immunity (273) (Figure 2.5). In developmental processes, a large proportion of genes 
were involved in system development (190 genes) related to various organs such as the 
nervous system, heart, muscle and haematopoiesis. Apart from system development, genes 
were also related to embryonic development (ectoderm and mesoderm) and cell 
differentiation. Genes involved in cellular processes were mainly related to cell communication 
(251 genes) while others were related to key functions such as cell cycle and proliferation. 
Many (44%) of the genes listed in response to stimulus were related to immune response (114 
genes) and cellular defence response (57). Some of these genes were related to biotic and 
abiotic stimulus, which includes response to hormonal and growth factors. Around 50% of 
genes associated with binding activity were related to protein binding and 21% to nucleic acid 
binding. Most of these nucleic acid binding genes were directly related to transcription factor 
activity. To analyse the data in more detail, expression profiles of genes involved in driving 
branching morphogenesis and other lung related functions such as vascularisation and the 
regulation of cell behaviour, temporally differentially expressed genes related to development 
were categorised using PANTHERTM Classification System and DAVID Bioinformatics. Genes 
ŝŶǀŽůǀĞĚŝŶƐŝŐŶĂůůŝŶŐƉĂƚŚǁĂǇƐŝŶĐůƵĚŝŶŐtŶƚ͕W'&͕d'&ɴ͕EKd,͕ VEGF and Retinoic acid (RA) 
were identified. In addition expression of genes related to the extracellular matrix (Figure 2.6A) 
and developmental genes were represented as a heat map generated using “Hierarchical 
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Clustering Explorer” (Figure 2.6B). A large set of genes was specifically expressed during the 
early phases of development with reduced expression in matured lung. In contrast, a second set 
of genes presented gradual increase in expression as the lung developed, whereas some genes 
were specifically expressed at particular time points of development including day 14, 29 and 
35. 
Figure 2.5: Pie chart representing the functional categorisation of 1242 differentially 
expressed genes during monodelphis lung development (molecular function and biological 
process). The outline pie diagram presents an in depth classification of developmental, cellular, 
immune system and binding activities.  
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Figure 2.6: Differentially expressed genes related to lung morphology and development. Heat 
map showing the expression profile of genes related to (A) cellular matrix (ECM and MMPS) and 
(B) transcriptional factors and genes involved in development. Samples from day3, day8, day14, 
day29, day35, day63 and adult. Rows represent the genes and columns represent the 
development phases. Gene names are listed on the right side. 
2.3.5 Validation of lung gene expression by real-time RT-PCR 
For the validation of sequencing results by RT-PCR, 9 genes were selected based on their 
differential expression. In addition, 6 housekeeping genes (GAPDH, 18S, RPL19, PPIL4, GUSB 
and ACTB2) were used as control for normalisation of the data. After standardization of 
housekeeping gene expression, 3 genes were retained for qPCR normalisation (18S, RPL19 and 
PPIL4) in further experiments. The validation was performed on at least three lung samples 
collected at each time point. In general, the results from the qPCR data were highly consistent 
with the RNA-seq data (Figure 2.7). 
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Figure 2.7: Comparison of gene expression profiles obtained by q-PCR (line) and RNA-seq 
quantification (bar). Expression results are similar with RNA-seq and q-PCR. 
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2.4 Discussion 
The present study focused on improving our understanding of lung development in the 
marsupial monodelphis domestica during early postnatal life by both morphological and gene 
expression analysis. 
2.4.1 Opossum lungs are morphologically immature at birth and marsupial neonates 
display unique adaptations to survive 
At birth, the lung of the newborn opossum is comprised of thin wall lined large air sacs with few 
sacs occupying the whole organ.  In eutherians, a primitive lung structure is present in highly 
preterm young and the rate of survival is low (deMello, 2004, Abman, 2008, Parker and Abman, 
2003). In contrast, in marsupials neonates, respiration occurs through the skin and low 
metabolic activity allows postnatal survival in the absence of fully functional lungs (Szdzuy et 
al., 2008, Frappell and Mortola, 2000). Until day 8 of post-natal development the lungs of 
opossum contained few air sacs with walls of epithelial cells which were connected by primitive 
respiratory ducts. The presence of such large air sacs may not provide the required amount of 
surface area for respiration at this stage. Similar morphology was nevertheless also observed in 
more primitive animals such as the amphibian toad. Indeed, the comparison of lung 
morphology between the adult toad and the marsupial neonate has confirmed this close 
similarity. Interestingly, for toad to survive with such primitive lungs with a relatively small 
surface area, these animals also perform respiration through skin to provide the required 
amount of oxygen. In addition these animals also has a low metabolic rate and this may confine 
the demand for oxygen (Nagy et al., 1999, Cloudsley-Thompson, 1970, White et al., 2006). 
Previous studies performed on the newborn marsupial dunnart and tammar wallaby to clarify 
their respiratory development have demonstrated that they perform respiration through skin 
during early postnatal life to accommodate the required amount of oxygen (Frappell and 
Mortola, 2000). Therefore the lung morphology of marsupial neonates is similar to that of 
primitive toad as shown in this study and, at birth, the marsupial neonate has retained primitive 
lung morphology and associated characteristics prior to respiration using the lung.  Overall, 
marsupial opossum neonatal lungs were immature at birth due to a small number of sacs 
connected by poorly developed air ducts more similar to an amphibian lung, and the 
respiratory tree was still undergoing considerable post-natal development during the lactation 
period.  
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2.4.2 Signaling pathways and their significance in monodelphis lung development 
Lung organogenesis is primarily carried out by epithelial-mesenchymal interactions (Shannon, 
1994, Shannon and Hyatt, 2004, Warburton et al., 2000). Theses interactions are mainly 
mediated by secretory factors released from epithelial and mesenchymal cells (Cardoso and Lu, 
2006). Transcriptional factors, growth factors, ECM proteins and MMPs mediate the 
interactions and participate in regulatory feedback loops (Shannon, 1994, Shannon and Hyatt, 
2004, Warburton et al., 2000).  
Functional categorisation studies have identified a number of genes related to pathways 
potentially involved in postnatal lung development of the marsupial opossum. Based on the 
literature many of these pathways are known to regulate foetal lung development in 
eutherians, indicating a large overlap between mechanisms of marsupial postnatal and 
eutherian foetal lung development and illustrating how the marsupial neonate is similar to the 
eutherian foetus. These pathways include Wnt (Pongracz and Stockley, 2006, Wodarz and 
Nusse, 1998), retinoic acid (Chytil, 1996) ͕ d'&ɴ (Gu et al., 2007) and NOTCH signalling 
pathways (Xu et al., 2012). Wnt is a secreted glycoprotein controlling cell-cell communication 
through a wide range of functions during embryonic development including regulating cell fate 
ĂŶĚƐŝŵƵůƚĂŶĞŽƵƐůǇŶĞƚǁŽƌŬŝŶŐǁŝƚŚŽƚŚĞƌƉĂƚŚǁĂǇƐ͕ŝŶĐůƵĚŝŶŐd'&ɴ͕EKd,ĂŶĚDW(Kestler 
and Kühl, 2008, Katoh and Katoh, 2007, Wang et al., 2014). Wnt knockout studies in embryonic 
mice lung development suggested Wnt signaling pathways are crucial in regulating lung cell fate 
(De Langhe and Reynolds, 2008). From the expression data, differentially expressed Wnt 
signaling members included Cadherin (CDH11 and PCDH18), NFAT (ADSSL1, ACTG2, MYH7B,   
ACTC1 and MYH7), T-cell factors (TCF7 and LEF1) and frizzled (FZD2, SFRP1 and SFRP2) were 
identified. Elevated expression of CDH11 and PCDH18 was observed during the early postnatal 
period (day 3 to 14) and gradually decreased during the course of lung development, 
potentially indicating a role during early postnatal lung development, such as the Cadherin/Wnt  
signalling pathway is essential  in the epithelial to mesenchymal transition process, which is 
important during embryonic development (Howard et al., 2011, Heuberger and Birchmeier, 
2010). Similarly, from the expression data ADSSL1, ACTG2 and MYH7 were specifically 
expressed at day 63 and adult, whereas MYH7B and ACTC1 were only highly expressed at day 3. 
Temporal expression of these genes may signify their potential contribution to Wnt/ NFAT 
signalling. Indeed, Nuclear Factor of Activated T cells (NFAT) and Wnt interactions regulate cell 
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proliferation and differentiation as demonstrated by recent studies of neural progenitor cells 
regulation (Huang et al., 2011). Wnt protein family members interact with the trans-membrane 
frizzled receptor on targeted cells to activate intracellular signal transduction and cellular 
response (Wodarz and Nusse, 1998). The Wnt signalling pathways is mediated by binding of 
Wnt ligand to frizzled receptors (Schulte and Bryja, 2007, van Amerongen and Nusse, 2009, 
Logan and Nusse, 2004). Secreted frizzled-related proteins (SFRP) are also involved in Wnt 
signaling (Esteve et al., 2011). In monodelphis lung FZD2, SFRP1 and SFRP2 genes showed 
temporal expression during the early postnatal period (day 3, 8 and 14), signifying the likely 
contribution of Wnt/ frizzled signalling to early lung development.  
Differentially expressed genes involved in the regulation of the retinoic acid (RA) signalling 
pathway included DHRS9, CRABP2, ALDH1A2 and TNFAIP2. RA is known to signal embryonic 
development and tissue repair (Pittlik and Begemann, 2012). Studies have shown RA is a key 
regulator of lung development and its activity was observed at different stages of eutherian 
fetal development including early bud formation, branching morphogenesis and lung 
maturation during alveolarization (Chytil, 1996, Malpel et al., 2000). DHRS9 is involved in RA 
biosynthesis through retinal dehydrogenase (Wang, 2010, Everts et al., 2007).  Cellular retinoic 
acid binding protein 2 (CRABP2) is an additional intracellular lipid binding protein specifically 
binding RA (Moise et al., 2007). CRABP2/ RA regulates alveolarization or alveolar repair by 
regulating elastin expression by lung fibroblast, a necessary factor for alveolarization (Plantier 
et al., 2008). The expression of CRABP2 and DHRS9 specifically at day 63 and adult in 
monodelphis similarly implies its involvement during alveolarization and lung maturation in 
marsupials as previously known from eutherian lung developmental studies (Chytil, 1996, Hind 
and Maden, 2004). 
NOTCH (NOTCH4) signalling plays a crucial role during lung development by regulating events 
such as branching morphogenesis, alveolarization and the regulation of proximal and distal cell 
fate (Xu et al., 2012). Similarly, the temporal expression of NOTCH4 at day 29 and 35 together 
with the morphological changes observed in monodelphis neonate support its role in regulating 
ďƌĂŶĐŚŝŶŐĂŶĚĂůǀĞŽůĂƌŝǌĂƚŝŽŶ͘d'&ɴ;d'&ɴϮͿ ŝƐ ŝŶǀŽůǀĞĚŝn diverse functions during embryonic 
development (Wu and Hill, 2009, Gu et al., 2007)͘dŚĞĞǆƉƌĞƐƐŝŽŶŽĨd'&ɴϮƉĞƌƐŝƐƚĞĚƵŶƚŝůĚĂǇ
35 and its expression was reduced at day 63 and in the adult. This may specify that temporal 
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ĞǆƉƌĞƐƐŝŽŶ ŽĨ d'&ɴϮ ŵĂǇ ďĞ ĞƐƐĞŶƚŝĂů ĨŽƌ ůƵŶŐ ŽƌŐĂŶŽŐĞŶĞƐŝƐ ŝŶ ŽƉŽƐƐƵŵ͘ ƉĂƌƚ ĨƌŽŵ ƚŚĞ
ŐƌŽǁƚŚĨĂĐƚŽƌƐĚŝƐĐƵƐƐĞĚĂďŽǀĞƐƵĐŚĂƐd'&ɴĂŶĚĐŽŶŶĞĐƚŝǀĞƚŝƐƐƵĞŐƌŽǁƚŚĨĂĐƚŽƌ͕ƚŚĞĐƵƌƌĞŶƚ
study also identified differential expression of insulin like growth factor binding proteins 
(IGFBPs). The IGFBP1, IGFBP2, IGF2BP1 and IGF2BP3 display significantly temporal expression 
during early postnatal day 3, 8 and day 14 in monodelphis lung. The IGFBPs are known to be 
involved in lung development (Shimasaki and Ling, 1991, Maitre et al., 1995). For example 
IGFBP2 expression was previously noted both in rat and mice lung development studies 
(Schuller et al., 1995, Wallen et al., 1997). Overall, the study has quantified gene expression and 
confirmed the putative contribution of these pathways in postnatal lung development of 
monodelphis.  
2.4.3 Extracellular matrix and MMP expression during postnatal lung development in 
monodelphis.  
The extracellular matrix (ECM) provides a complex signalling network between epithelia and 
mesenchyme (Shannon and Hyatt, 2004, Minoo and King, 1994). Collagens and laminins are 
highly expressed in lung and are involved in regulating lung morphology (Schuger et al., 1992). 
From the expression data we observed differential expression of ECM related genes during the 
course of development and a number of ECM laminins and collagens were temporally 
expressed in the opossum. For example laminin (LAMA4) had peak expression at day 14 and 29, 
concomitant with morphological changes including branching morphogenesis and increase of 
lung parenchyma. Similarly to laminins, the collagens are involved in branching morphogenesis. 
Collagen Type-I, Type-III, Type-IV and Type-V have been shown to be expressed during foetal 
lung development in eutherians (Heine et al., 1990, Spooner and Faubion, 1980, Chen and 
Little, 1987), but the role of specific collagen isoforms is still unclear. In the opossum, 
differential expression of various collagen isoforms were observed including COL11A1, 
COL12A1, COL13A1, COL16A1, COL1A1, COL3A1, COL4A1, COL4A2, COL4A3, COL4A4, COL5A1, 
COL5A3, COL6A2, COL6A6, COL9A1, COL9A2 and COL9A3. Expression of these ECM proteins at 
specific stages of development supports their potential role in monodelphis lung branching 
morphogenesis by facilitating epithelium-mesenchymal interactions. The MMPs are also 
involved in lung organogenesis and mouse studies have shown that MMP2 and MMP14 are 
involved in branching morphogenesis and alveolarization (Kheradmand et al., 2002). Similarly, 
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in the present study MMP2 showed high expression levels in neonate lung compared to adult 
lung and temporal expression of MMP8, MMP9 and MMP16 was also observed.  
2.4.4 Determining the functional role of genes related to angiogenesis expressed during 
postnatal development in monodelphis lung 
In parallel to normal lung development, vascularisation is also essential in gas exchange 
between air and blood. The lung accommodates a complex network of blood vessels, which is 
initiated during the early stage of development (Warburton et al., 2000). In general, the 
majority of vasculogenesis occurs during fetal development in eutherians  (Whitsett and Wert, 
2006, Burri, 1984). However in marsupials, due to their lung immaturity at birth, development 
continues even after birth, including angiogenesis. Angiogenesis is also regulated by matrix and 
matrix related proteolitic enzymes providing structural support to extend the blood vessel 
network. Together the ECM and MMPs provide a favourable microenvironment to promote 
angiogenesis. The newly extending blood vessels interact with the surrounding extracellular 
matrix. From the expression data COL1A1, COL3A1, COL4A1 and LAMA4 have shown 
differential expression. Based on the previous studies they may also play an important role in 
lung angiogenesis (Montesano et al., 1983, Haas et al., 1998). Matrix regulating proteases 
mediate the migration of endothelial cells by breaking down the ECM component, 
simultaneously activating growth factors such as VEGF (Stetler-Stevenson, 1999, Stupack and 
Cheresh, 2002).  From the expression data we noticed some of the MMPS showed differential 
expression including MMP-2, MMP-9 and MMP-16, these MMPs are known to contribute to 
angiogenesis (Stetler-Stevenson, 1999, Cornelius et al., 1998, Dong et al., 1997).  
In addition, angiogenesis is widely regulated by transcriptional and growth factors (Hoeben et 
al., 2004, Reinhart-King, 2013). A number of genes related to angiogenesis have been identified 
in the current study ŝŶĐůƵĚŝŶŐ E'͕ E'Wd>ϯ͕ ^&ZWϭ͕ ^&ZWϮ͕ d'&ɴϮ͕ >>ϰ͕ >&ϭ͕ EKd,ϰ͕
EPAS1, CYR61 (CCN1) and CTGF. Angiopoietins (ANG1 and ANG2) are known to regulate 
vascular maturation (Yu and Stamenkovic, 2001, Jain, 2003). Angiopoietin-like 3 (ANGPTL3) is a 
member of angiopoietin-like family involved in angiogenesis (Song and Cho, 2009). The 
Secreted frizzled-related proteins (SFRP1 and SFRP2) also promote angiogenesis (Dufourcq et 
al., 2008, Courtwright et al., 2009). From the expression data ANG, ANGPTL3, SFRP1 SFRP2 and 
d'&ɴϮƐŚŽǁĞĚŝŶĐƌĞĂƐĞĚĞǆƉƌĞƐƐŝŽŶĚƵƌŝŶŐĞĂƌůǇƉŽƐƚŶĂƚĂůƚŝŵĞƉŽŝŶƚƐĂƚĚĂǇϯƚŽϭϰ͕and the 
temporal expression of these genes in monodelphis supports their participation in the 
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stimulation of angiogenesis.  In opossum lung DLL4, LEF1 and NOTCH4 genes were specifically 
expressed at day 29 and 35. Recent studies have shown that delta-like-4 (DLL4) interacts with 
NOTCH to regulate angiogenesis (Kuhnert et al., 2011). Lymphoid enhancer-binding factor 1 
(LEF1) meĚŝĂƚĞƐ ƚŚĞ tŶƚͬɴ-catenin dependent pathway (Hanai et al., 2002) and promotes 
endothelial cell invasion (Planutiene et al., 2011). The Notch and Notch ligand are involved in 
ƌĞŐƵůĂƚŝŶŐ ƚŚĞ ŝŶŝƚŝĂů ƉŚĂƐĞ ŽĨ ĂŶŐŝŽŐĞŶĞƐŝƐ ĂŶĚ ĨĂĐƚŽƌƐ ůŝŬĞ d'&ɴ ĂƌĞ ŝŶǀŽůǀĞĚ ŝŶ ǀĂƐĐƵůĂƌ
maturation and remodelling (Felcht et al., 2012). NOTCH4 is a transcriptional factor specifically 
expressed by endothelial cells and is a key factor regulating angiogenesis (Wu et al., 2005). The 
differential temporal expression of these genes in monodelphis lung may similarly regulate 
angiogenesis during lung development.  
 
2.5 Conclusion 
Morphological analysis has shown that monodelphis lungs of the neonate at birth are immature 
and that the majority of the development occurs during early postnatal life. Comparison of lung 
morphology in monodelphis neonates and adult toad has indicated the morphological similarity 
and supported the notion that monodelphis may use a similar respiratory mechanism, partly 
breathing through the skin, to accommodate the required input of oxygen. Gene expression 
profiling analysis conducted here during postnatal development of the opossum identified 
marker genes to analyse marsupial lung development and identified candidate genes with 
physiological or regulatory roles in the development of mammalian lungs. However, the full 
extent of the contribution of many of these gene products in lung development is still 
unknown. Although future studies will be required to fully assess their role in lung 
development, this study has allowed the characterisation of many of the gene products 
directing and contributing to the morphology of monodelphis lung at saccular and alveolar 
stages of development, providing additional support for various gene products known to 
contribute to lung development in eutherian species and providing new clues about the 
evolution of lung development in mammals. Therefore, although marsupials are in a distinct 
mammalian lineage from eutherians, they provide a unique animal model to improve our 
understanding of lung development. Indeed, studying postnatal development in marsupials 
may aid our understanding of how these neonates survive with immature lungs, and this 
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information may be usefully exploited to reduce the mortality associated with human preterm 
neonatal respiratory problems. In the future, the study will also facilitate a deeper 
understanding of genes and pathways involved in lung development and the analysis of the 
potential role of maternal milk in supporting postnatal development of the marsupial neonate.  
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CHAPTER 3: Role of marsupial tammar wallaby milk in 
lung maturation of pouch young 
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3.1 Introduction 
Fetal lung development is a programmed cascade and any interruption in this process may 
cause abnormalities in neonates after birth (Myatt, 2006). The process of lung development in 
all mammals is similar (Tschanz, 2007a) and is only different in the timing of development 
during perinatal and postnatal periods (Ferner et al., 2009). In eutherians, the placenta 
performs gaseous exchange between the fetus and the mother (Mess and Ferner, 2010a, Mess 
and Carter, 2007) and during gestation the lung matures and is capable of performing gaseous 
exchange after birth (Philip, 1977). The main cause of respiratory complication in newborn 
infants is due to pulmonary immaturity, known as respiration distress syndrome (RDS) and the 
main cause of RDS in preterm infants is lack of surfactant proteins in the lung (Burri, 1984, 
Fraser et al., 2004, Swischuk, 1997).  
During evolution of mammals, marsupials and eutherians have adopted different reproductive 
strategies which have given rise to differences in lung maturation at birth. Marsupials are 
placental mammals but they have a primitive form of placenta and give birth to immature 
young after a short gestation. The major growth and development of marsupial young occurs 
postnatally during early lactation (Tyndale-Biscoe and Janssens, 1988). The majority of 
eutherians, including the human, have a well-developed placenta and the lungs of neonates are 
at the alveolar stage of development (Szdzuy and Zeller, 2009).  In contrast, the lung in the 
marsupial newborn is immature and is still progressing from canalicular to early saccular stage 
of development (Makanya et al., 2001). The lung morphology of newborn marsupials, such as 
the short-tailed opossum (Monodelphis domestica) and tammar wallaby (Macropus eugenii), 
are comprised of large terminal air sacs with a small surface area for respiration (Szdzuy et al., 
2008). Due to limited development of the neonatal lung the marsupial performs respiration 
through the skin to meet the demand for oxygen, and as the lung develops the total gaseous 
exchange is gradually shifted to the lung (Frappell and Mortola, 2000, Mortola et al., 1999). In 
all mammals, the extent of pulmonary development depends on the period of intrauterine 
development as the factors responsible for fetal development are provided through the 
maternal supply (Sibley et al., 1997). In marsupials the immature neonates rely on these 
maturation factors provided through milk (Nicholas et al., 1997). In eutherians at the end of 
gestation, the density of septal formation is high as the lung is progressing from the saccular 
stage to the alveolar stage of development at birth. This septal division is carried out after birth 
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to increase surface area for respiration by dividing large air sacs into alveoli. However 
alveolization requires necessary signalling factors for cell proliferation and function to produce 
surfactants and these are regulated by hormones in the newborn (Massaro et al., 1986).  In 
contrast, the marsupial newborn lacks well established functional hormonal systems 
(Buaboocha and Gemmell, 1995, Setchell, 1974). In order to survive and develop they most 
likely need support from their mother through maternal milk (Nicholas et al., 1997).  
Milk is composed of various bioactive components supporting early development of the 
neonate (Donovan and Odle, 1994). Eutherians, such as the human, undergo a long gestation 
followed by a relatively short lactation and the composition of milk does not change 
significantly (Jenness, 1986, Ballard et al., 1995). In contrast, marsupials have a short gestation 
and a long lactation and milk composition changes significantly throughout lactation to provide 
factors for growth and development of the immature neonate (Nicholas, 1988a, Ballard et al., 
1995). The tammar wallaby is one of most studied marsupials and its lactation is divided into 
three phases (phase 2A, phase 2B and phase 3) based on the composition of the milk and 
growth and development of the young. Tammar young are born after 29.3 days of gestation 
and weigh approximately 440 milligrams (Tyndale-Biscoe and Janssens, 1988). During the early 
phase of lactation, the young remain permanently attached to the teat and the mother secretes 
dilute milk with a low concentration of protein and lipids but a high concentration of 
carbohydrates (Messer and Nicholas, 1991, Green and Merchant, 1988). During the first 100 
days the development of the neonate is similar to a late stage eutherian fetus and therefore the 
signalling factors involved in the development of the eutherian fetus are most likely delivered in 
the milk (Brennan et al., 2007). The pouch young are born with immature organs and during 
early lactation the organs necessary for their survival such as respiratory system (Runciman et 
al., 1996), lymphoid tissues (Basden et al., 1997), nervous system including brain and spinal-
cord (Harrison and Porter, 1992, Saunders et al., 1989) are rapidly developed. Fostering 
experiments performed with tammars to understand regulatory effects of milk composition on 
rate of pouch young development, have demonstrated that transferring the early pouch young 
to a late lactating tammar can accelerate the growth and physical development of pouch young 
(Joss et al., 2009, Kwek et al., 2009b, Trott et al., 2003). Subsequent studies showed that cross 
fostering the young also accelerated maturation of specific organs such as the stomach (Kwek 
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et al., 2009a). Hence, the tammar provides an exceptional model for correlating milk 
composition with defined developmental changes in the immature lungs of the newborn as the 
respiratory process progresses from gas exchange across the skin to functional lungs during 
lactation. In this study we demonstrate the effect of bioactives in tammar wallaby milk 
collected in early lactation to accelerate growth and development of cultured mouse embryonic 
lungs.  
 
3.2 Methods 
3.2.1 Ethical approval 
A colony of tammar wallabies (M. eugenii) was maintained at Deakin University, Geelong, 
Victoria, Australia and at CSIRO Ecosystem Sciences, Canberra, Australia. All animal 
experimentation was approved by The Deakin University and CSIRO Animal Ethics committees. 
3.2.2 Histological analysis of tammar wallaby lung during postnatal development 
Lung tissues were collected from tammar young’s at late gestation, ~ day 24 and postpartum 
day 1, 3, 20, 40, 60, 80 and 120 (n=3-5 young’s per state). The age of pouch young was either 
determined from known birth dates or estimated by measuring head length (Poole et al., 1991). 
The lung was removed, rinsed thoroughly with sterile PBS and fixed overnight in 4% 
formaldehyde prior to paraffin embedding. Tissue sections (5-6 μm) were prepared and stained 
with haematoxylin and eosin (H&E) for examination of morphological development. 
3.2.3 Milk collection and processing 
Tammars were anaesthetised with Isoflurane and 0.2 IU of Oxytocin-S® (Intervet, Boxmeer, The 
Netherlands) and administered intramuscularly prior to milk collection. Milk was collected from 
each animal by applying gentle pressure to the mammary glands and milk was stored aƚоϴϬ0C 
until further analysis. Milk was obtained from mothers at 20, 40, 60, 80, 90, 100, 120 & 190 
days of lactation (n=5-10 per state). Milk samples were thawed on ice and centrifuged at 
5000xg to isolate the fat and cells. Skim milk was centrifuged at 17,000Xg for 10min to remove 
the majority of casein.  The whey was sterilised using a 0.22μm filter (Corning Costar Spin-X 
Centrifuge Tube Filters) and samples were aliquotted and stored at -800C until further analysis. 
The milk samples from several animals were pulled to obtain the desired volume. 
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3.2.4 Mouse embryonic lung isolation and culture 
A total of 32 C57BL/6 wild-type mice were killed at E12.5 gestation and the lungs were excised 
from 108 embryos. After removal from the uterus, the embryos were washed in Dulbecco’s 
Phosphate Buffered Saline (DPBS) and transferred to a Petri dish with Hanks’ Balanced Salt 
solution (HBSS) placed on ice. Embryonic lungs dissected from each embryo were transferred to 
Transwell with serum free Dulbecco’s Modified Eagle’s Medium/F12 (DMEM/F12) media that 
included  1% Penicillin and streptomycin (del Moral and Warburton, 2010), and cultured in 
media with 10% whey prepared from milk collected at different stages of wallaby lactation. 
Control lungs were cultured in media with 10% PBS only. As protein control the lungs were 
cultured in media with BSA. Lung explants were incubated at 37O C, 5% CO2 for 4 days and the 
media and milk protein was replaced every 24 h. Due to less quantity availability of day 20 milk 
the treatment was carried out on 4 embryonic lungs. The remaining treatments were 
performed approximately 10-14 embryonic lungs and the experiments were performed at least 
3 times. 
3.2.5 Culture of embryonic lung epithelium and mesenchyma 
Lungs were isolated from the E-12 mouse embryos. The lungs were treated with dispase (1.5 
U/ml DPBS) at 37O C for 30 min to separate the epithelium and mesenchymal tissue. The distal 
mesenchyma was separated from the epithelial bud by using a pair of tungsten needles and a 
dissection microscope (del Moral and Warburton, 2010). Geltrex® Matrix (Life TechnologiesTM) 
was prepared by 1:1 dilution with culture media and transferred to a culture dish with 
separated epithelium and mesenchyma. Matrix together with cells was allowed to polymerize 
at 37O C for 1hr. After polymerization 1ml of DMEM/F12 media that included 1% Penicillin, 1% 
streptomycin and 1% Fetal Bovine Serum (FBS) was added and the cells incubated at 370C in 5% 
CO2. The cells were cultured in media with 10% wallaby whey (as above) and the control lungs 
were cultured in media with 10% PBS only. The explants were cultured for 3 days and the 
images were collected at 24hr intervals.  
3.2.6 Morphological analysis of embryonic lung 
At the completion of the experiment cultured lung explants were washed twice with PBS, fixed 
in 4% formaldehyde in PBS and embeded in paraffin. Lung sections (5-6μm) were stained with 
haematoxylin & eosin (H&E) to examine lung morphology. Branching morphogenesis of lung 
explants after different treatments was quantified by counting the number of terminal end 
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buds around the circumference of each explant.  For each treatment a minimum of four 
embryonic lungs were analysed. Results were analysed using a one Tailed, Type-2 T-test to 
estimate the statistical significance and the error bars indicate sample ± SEM. 
3.2.7 Immunohistochemistry 
The cultured embryonic lungs were immediately fixed in 4% formaldehyde, dehydrated and 
embedded in paraffin. Sections (5-6μm) were prepared and deparaffinised. The sections were 
treated with 3% H2O2 and the antigen retrieval was achieved in 10mM citrate buffer (PH 6.0).  
Immunohistochemistry of surfactant proteins SP-C and SP-B was performed using primary 
antibody Goat anti-SftpC (1:200, Santa Cruz, (C-19): sc-7705) and Rabbit anti-SftpB (1:600, 
Abcam, ab15011). A Streptavidin-HRP conjugated Rabbit anti-Goat IgG anti-HRP (1:200, Bethyl, 
A50-100p)  and Goat anti-Rabbit HRP (1:100, Abcam, ab97051)  secondary antibody and the 
DAB substrate kit (DAB Substrate Kit, Cell Signaling, #8059)  was used for detection. The nuclear 
counter stain was performed using haematoxylin.  
3.2.8 Cell proliferation  
Paraffin embedded embryonic lungs and epithelial explants were sectioned (5-6 μm) and the 
mesenchyme and epithelial cell proliferation was measured using a PCNA kit (PCNA staining kit, 
Invitrogen, 93-1143) following the manufacturer’s instructions. The number of PCNA positively 
stained cells in both mesenchyme and epithelium was counted in random parts of a section by 
using Image J software. 
3.2.9 Analysis of 3D epithelium and mesenchyma culture by immunofluorescence staining 
Lung epithelial explants were collected after 3 days of culture and prepared for paraffin 
sectioning. The slides were processed for staining as described above. The epithelial sections 
were incubated overnight with E-cadherin (1:400, Cell Signaling Technology, 24E10) primary 
antibody.  The sections were washed with PBS and incubated with secondary antibody 
conjugated with Alexa Fluor® 488 (1:400, Life Technologies). Finally all samples were mounted 
with Dapi mounting media (Fluoroshield Mounting Medium with DAPI, Abcam, ab104139) prior 
to photography with fluorescence microscopy. For whole-mount staining the mesenchyma in 
matrix were fixed in 4% formaldehyde for 1hr and stained for nuclei using Hoechst (1:1000). 
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3.2.10 Total RNA isolation and quantitative RT-PCR 
Total RNA was extracted from cultured mouse embryonic lung tissue using a PureLink® RNA 
Mini Kit (Life Technologies) and following the manufacturer’s instructions, and subsequently 
quantified by spectrophotometry (Nano drop ND-1000, Biolab, VIC, Australia). First-strand 
cDNA was synthesised using Superscript IIITM Reverse Transcriptase (Invitrogen), following the 
manufacturer’s instructions. Quantitative RT-PCR (qPCR) was performed using the SsoFast 
EvaGreen Supermix (Bio-Rad) and CFX96TM Real-Time PCR Detection System (Bio-Rad). The 
WZƌĞĂĐƚŝŽŶ;ϮϬʅ>ͿĐŽŶƚĂŝŶĞĚϭпŵĂƐƚĞƌŵŝǆ͕Ϭ͘ϮϱʅDŽĨĨŽƌǁĂƌĚĂŶĚƌĞǀĞƌƐĞƉƌŝŵĞƌƐ;Table 
3.1) and diluted cDNA template. All samples were assayed in triplicate. Amplification curves 
were generated with an initial denaturing step for 30 minutes at 94°C, followed by 40 cycles at 
940C for 30 seconds, 600C for 30 seconds and 720C for 30 seconds. The GAPDH gene was used 
as an internal control. Results were expressed as Delta CT values. 
Table 3.1: Primer sequences used for mRNA quantification by RT-PCR. 
Gene Forward Primer sequence  Reverse Primer sequence  
SPC (Surfactant protein C) ϱ഻-GGACATGAGTAGCAAAGAGG-ϯ഻ ϱ഻-GTAGAGTGGTAGCTCTCCAC-ϯ഻ 
SPB (Surfactant protein B) ϱ഻-CTGCTGGCTTTGCAGAACTC-ϯ഻ ϱ഻-GGTTTGGAAGCACTGCAGAG-ϯ഻ 
WNT7B(Wingless-Type MMTV 
Integration Site Family,  
Member 7B) 
ϱ഻-ACGGCATCGACTTTTCTCGT-ϯ഻ ϱ഻-AGGTCCGTCTCCATAGGCT-ϯ഻ 
BMP4 (Bone morphogenetic 
protein 4) 
ϱ഻-TCCATCACGAAGAACATC-ϯ഻ ϱ഻-TAGTCGTGTGATGAGGTG-ϯ഻ 
ID2 (Inhibitor Of DNA  
Binding 2) 
ϱ഻-CTCCAAGCTCAAGGAACTGG-ϯ഻ ϱ഻-ATTCAGATGCCTGCAAGGAC-ϯ഻ 
GAPDH (Glyceraldehyde-3-
Phosphate Dehydrogenase) 
ϱ഻-TGAACGGGAAGTCACTGG-ϯ഻ ϱ഻-TCCACCACCCTGTTGCTGTA-ϯ഻ 
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3.3 Results  
3.3.1 Postnatal development of lungs from tammar wallaby 
Lungs of the near-term fetal tammar (~day 24) had primitive airways and canalicular like 
structures throughout (Figure 3.1A). Lungs of newborn tammar pouch young (PY) (Figure 3.1B) 
were immature with few terminal branches and large terminal air sacs with a thick wall, and the 
majority of tissue was comprised of mesenchyme.  The lung at day 3 postpartum (Figure 3.1C) 
consisted of respiratory bronchioles terminated with large sac like structures.  Around 20 days 
of age (Figure 3.1D) the large air sacs had undergone subdivision by formation of septa and the 
number of air sacs had increased. At this stage the majority of the lung was still comprised of 
sac like structures separated by connective tissue. By day 40, the number of air sacs had 
increased and were smaller in size (Figure 3.1E) and by day 60 (Figure 3.1F) alveoli-like 
structures had appeared. By day 120, the lung had undergone further subdivision of air sacs 
and septa formation, alveoli-like structures had continued to form (Figure 3.1G). By day 120, 
the lung progressed to a mature morphology with enhanced alveolization (Figure 3.1H).  
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Figure 3.1:  Morphological development of tammar wallaby lung. (A-H) Histological 
examination of H and E stained tammar pouch young lungs collected at (A)  late gestation, ~ 
day 24; (B) postnatal day 1; (C) day 6; (D) day 20; (E, E1) day 40: (F) day 60; (G) day 80 and (H, 
H1) day 120. (A) Fetal lungs at the canalicular stage of development. (B) The lungs of newborn 
consist of large terminal air sacs surrounded by a thick wall. (C, D) During early postnatal life, 
lung development was slow, with large air sacs still present at day 20 (D). (E-H) Defined alveoli 
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began to appear from day 40 (E), and progressively increased in number thereafter (F-H). Lung 
tissues shown at higher magnification (E1, H1) Scale bar 1mm. 
3.3.2 Tammar wallaby day 60 milk stimulates development of cultured mouse embryonic 
lung  
To determine the potential effect of marsupial milk in lung development, embryonic lungs from 
mice were cultured in serum free media plus 10% tammar whey collected at day 60 of lactation 
(Figure 3.2A-D). This milk was specifically chosen based on the morphological changes observed 
in pouch young as the lung undergoes extensive growth around this time.  In control cultures 
the embryonic lungs were incubated in serum free media with 10% PBS (Figure 3.2E-H). The 
embryonic lungs exposed to day 60 tammar milk whey showed extensive branching 
morphogenesis and increased volume over 3 days of culture (Figure 3.2I). In contrast, the 
control embryonic lungs showed a relative delay in branching morphogenesis and the lung was 
smaller after 3 days of the culture (Figure 3.2J). The number of terminal end buds significantly 
increased over 3 days in the lungs treated with day 60 milk (Figure 3.2K). The level of 
expression of several developmental marker genes was assessed by using RT-PCR analysis. The 
developmental marker genes SP-C (Figure 3.2L) and SP-B (Figure 3.2M) (Type-II pneumocytes), 
Wnt-7b (Figure 3.2N) and BMP-4 (Figure 3.2O) (branching morphogenesis), and Id-2 (Figure 
3.2P) each showed a significant increase in levels of expression relative to control lungs 
(P<0.05). Further, embryonic lungs were cultured for 4 days in media with 10, 5 & 2.5% milk 
protein. To determine the effect of concentration of tammar milk on lung growth. No 
significant difference in number of terminal end buds was observed in tissue in media with milk 
protein between 10% and 2.5% when compared to lungs grown under control conditions.  
Lungs cultured in all treatments showed similar epithelial branching and vascular development 
which was significantly advanced when compared to lungs cultured in control media (Figure 
3.3). 
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Figure 3.2: Effect of tammar wallaby milk (day 60) on branching morphogenesis in cultured 
mouse embryonic lung. Mouse E 12 lungs treated with tammar milk day 60 (A-D) or under 
control conditions (E-H) at (A and E) 0 hr (B and F) 24 hrs, (C and G) 48 hrs and (D and H) 72 hrs.. 
(I, J) Increased branching morphogenesis shown by outlining terminal end buds. (K) 
Quantitation of branching morphogenesis at 0, 24, 48 and 72hrs shows number of terminal end 
buds of tammar day 60 milk treated is greater than control treated lungs. Expression of critical 
developmental marker genes  (L) Sp-B & (M) Sp-C (Type-II pneumocytes marker genes), (N) 
wnt-7b, (O) BMP4 and (P) Id-2 in mouse embryonic lung cultured for 72h with or without day 
60 tammar milk. Scale bar 250 μm. P values (<0.05) are shown with an asterisk.  
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Figure 3.3: Effect of the concentration of tammar milk in media on embryonic lung growth 
stimulation. The embryonic lungs were cultured with either 10%, 5% and 2.5% tammar milk 
protein collected at day 60 of lactation or control media (Figure.1A). Branching morphogenesis 
was quantitated by counting the number of terminal ends of embryonic lung (Figure.1B). There 
was no significant difference observed among embryonic lungs treated with 10% and 2.5% of 
tammar milk. 
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3.3.3 Tammar wallaby milk proteins from early lactation differentially regulate embryonic 
mouse lung development 
To examine whether the signalling factors in day 60 milk responsible for lung development 
were secreted in other phases of lactation, mouse embryonic lung was incubated with milk 
proteins collected from day 20, day 40, day 60, day 80, day 90, day 100 day 120 and day 190 of 
ůĂĐƚĂƚŝŽŶ;&ŝŐƵƌĞϯ͘ϰͿ͘ŵďƌǇŽŶŝĐůƵŶŐƐ;ŶшϰͿǁĞƌĞĐƵůƚƵƌĞĚĨŽƌϰĚĂǇƐŝŶŵĞĚŝĂǁŝƚŚĞŝƚŚĞƌϭϬй
milk protein, 10% PBS or 10% bovine serum albumin (BSA). Digital images of lung explants were 
examined every 24 hours and the number of terminal end buds determined (Figure 3.4U). In 
control experiments where explants were cultured in media with either PBS (Figure 3.4.A9-E9) 
or media alone (Figure 3.4.A10-E10), the majority of the explant was populated with long 
tubules with poor branching morphogenesis. A significant reduction in end bud formation was 
evident and explants showed low branching morphogenesis until the end of 4 days of culture. 
In control experiments where embryonic lungs were cultured in media with BSA (Figure 
3.4.A11-E11) and media that included day 20 tammar milk (Figure 3.4.A1-E1) the explants 
showed significant reductions in rate of branching morphogenesis compare to control and the 
volume of lung remained similar to that observed at time zero. Embryonic lung cultured in 
media with phase 2B tammar milk  collected on day 120 (Figure 3.4.A7-E7) and day 190 (Figure 
3.4.A8-E8) of lactation had commenced branching morphogenesis by day 3 in culture and there 
was no increase in total volume of lung, similar to that observed in embryonic lungs cultured in 
day 20 milk. These explants showed no significant increase in number of terminal end buds in 
comparison with control lung. In the explants treated with day 40 (A2-E2), day 60 (A3-E3), day 
80(A4-E4), day 90 (A5-E5) and day 100 (A6-E6) milk, the stimulatory effect on branching was 
more prominent with lung tissue showing branching morphogenesis after 48 h of culture and 
an accompanying increase in the number of terminal end buds when compared to the control 
explants. By the end of culture at day 4 the number of terminal end buds showed a gradual 
increase in lung cultured with day 40-100 milk and further, the terminal end buds increased by 
86 h in embryonic lungs treated with day 60 milk when compared with control embryonic lung. 
Mouse embryonic lung explants treated with day 20 milk had rudimentary branches and did not 
change during 4 days of culture (Figure 3.4G). In contrast, explants treated with day 60 milk 
showed significant increases in branching of the main bronchus to form putative alveolar 
regions in the majority of the lung (Figure 3.4H), and peripheral epithelial tubules showed a 
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complex branching pattern in comparison with control explants.  Explants treated with day 120 
milk (Figure 3.4I) had small epithelial tubules with terminal end buds at peripheral regions. In 
lungs cultured in control media the majority of each explant was populated with long tubules 
with poor branching morphogenesis and the absence of epithelial sacs (Figure 3.4J). 
76 
 
 Chapter 3   
 
77 
 
  Chapter 3   
Figure 3.4: Tammar milk regulates the growth of mouse embryonic lungs in culture. 
Embryonic lungs were cultured for 86 h in the presence of wallaby milk (10%) collected at day 
20 (A1-E1), day 40 (A2-E2), day 60 (A3-E3), day 80(A4-E4), day 90 (A5-E5), day 100 (A6-E6), day 
120 (A7-E7) day 190 (A8-E8), control embryonic lung cultured in media with PBS (A9-E9), media 
(A10-E10) and in media with BSA (A11-E11). Branching morphogenesis was observed at each 
24h interval. (A1-E1) Embryonic lung treated with day 20 milk showed no change in number of 
terminal end buds. Embryonic lungs with day 40 (A2-E2), day 60 (A3-E3), day 80 (A4-E4), day 90 
(A5-E5) and day 100 (A6-E6) milk showed branching after 48h. (A7-E7) Embryonic lung cultured 
with day 120 (A7-E7) and day 190 (A8-E8) milk showed branching after 72 h in culture, but the 
total volume of lung remained unchanged. Embryonic lungs cultured with control media that 
included PBS (A9-E9) and media only (A10-E10) showed delayed branching and a low number of 
terminal end buds, but no change in lung volume. (A11-E11) Explants cultured in media with 
BSA showed no effect on branching. (F) Analysis of branching morphogenesis by counting the 
number of terminal end buds of tammar milk treated day 20, day 60, day 120 and control 
embryonic lung. (G) Histological analysis of mouse embryonic lung section stained with H&E 
after culture with 20 day tammar milk, a small number of terminal end buds were present, (H) 
60 day milk, a large number of terminal end buds and well developed branching morphogenesis 
is evident. (I) 120 day milk - fewer terminal end buds and increased mesenchyma, and (J) 
Control (PBS) - extended branching is present, but the numbers of terminal end buds were less 
when compared to embryonic lungs treated with day 60 milk (B). Scale bar 250 μm. p values 
(<0.05) are shown with an asterisk. 
3.3.4 Developmental marker gene expression in cultured mouse embryonic lungs  
Expression of the marker genes SP-C, SP-B, Wnt-7b, BMP-4 and Id-2 were examined in mouse 
embryonic lung explants treated with media that included either 10% day 20, day 60, day 120 
milk or a control that included 10% PBS in media. The embryonic lungs treated with day 60 milk 
showed a significant increase in the level of expression of all marker genes in comparison with 
control embryonic lung (Figure 3.5). Expression of surfactant Sp-C and Sp-B protein was 
examined in embryonic lungs treated with day 20, day 60, day 120 milk and control lungs using 
immunohistochemistry (Figure 3.5). Surfactant proteins Sp-C (Figure 3.5G) and Sp-B (Figure 
3.5K) were detected at high levels in embryonic lungs treated with day 60 milk. However, both 
surfactant proteins were also detected in embryonic lungs treated with milk protein day 20 & 
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day 120 (Figure 3.5). Sp-C was highly localised to acinar tubules and terminal end buds of lungs 
but Sp-B protein was only detected in acinar tubules. 
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Figure 3.5: Expression of lung developmental marker genes in mouse embryonic lung cultured 
with tammar milk. RNA was isolated from embryonic lungs cultured for 84h to observe the 
expression of (A) Sp-C & (B) Sp-B (type-II cell marker gene), (C) wnt-7b, (D) BMP4 and (E) Id-2 
marker genes. (A-E ) qRT-PCR of Sp-C, Sp-B, wnt-7b, BMP-4 and Id-2 mRNAs were increased in 
embryonic lung cultured with tammar milk with statistically significant P values (<0.05) shown 
with an asterisk. Immunohistochemical analysis of (F-I) Sp-C and (J-M) Sp-B in cultured 
embryonic lung. Lung sections from embryonic lung treated with tammar milk day 20 (F, J), day 
60 (G, K), day 120 (H, L) and control (I, M) were immunostained with type-II cell marker 
surfactant protein C and DAB was used for visualization. (G, K) The Sp-C and Sp-B protein is 
observed in high concentration in embryonic lungs treated with day 60 milk. (I, M) In control 
lungs Sp-C protein is detected at low levels. Scale bar 100 μm 
3.3.5 Effect of tammar milk on mouse embryonic lung epithelium and mesenchymal cell 
proliferation 
Proliferating cell nuclear antigen (PCNA) staining was used to examine the rate of cell 
proliferation in mouse embryonic lung mesenchyme and epithelium (Figure 3.6). The PCNA 
immune staining of embryonic lungs cultured in media with day 20 milk showed significant cell 
proliferation in terminal end bud epithelium and low level staining in the mesenchyme (Figure 
3.6A). In contrast, embryonic lungs treated in media with day 60 (Figure 3.6B) and day 120 
(Figure 3.6C) milk showed an increase in the ratio of stained mesenchymal cells to epithelial 
cells.  
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Figure 3.6: PCNA Cell proliferation immunostaining of cultured embryonic lungs. (A-C) 
Embryonic lungs treated with tammar milk and (D) control. Cell proliferation in both 
mesenchyme and epithelium was detected by immunostaining with PCNA antibody and 
counterstained with haematoxylin. (E-H) Higher magnification views of A-D. (A, E) Embryonic 
lung treated with day 20 milk showed low cell proliferation in both epithelium and 
mesenchyma. (B, F) Embryonic lung treated with day 60 milk showed cell proliferation in both 
epithelium and mesenchyma around the terminal end buds. (C, G) Embryonic lung treated with 
day 120 milk showed cell proliferation in both mesenchyma and epithelium. The distribution of 
mesenchyma was increased in explants treated with day 60 (B, F) and 120 (C, G) milk when 
compared to explants treated with day 20 (A, E) milk. (D, H) Lung cultured in control media 
showed a low level of cell proliferation. Scale bar 100 μm 
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3.3.6 Effect of tammar milk on isolated mouse embryonic lung epithelium in matrix 
To determine whether the effect of tammar milk targeted either lung epithelium or 
mesenchyma, embryonic epithelium and mesenchymal cells were cultured for 3 days in 
Matrigel with media that included milk collected from tammars at day 20, day 60 and day 120 
of lactation (Figure 3.7 & 3.8). The size of epithelial explants treated with day 20 milk decreased 
over the 3 day period (Figure 3.7D) and immunofluorescence staining with E-cadherin and Dapi 
showed epithelium was aggregated with disorganized cell debris (Figure 3.7Q). PCNA staining 
showed epithelium treated with day 20 milk had insignificant proliferation (Figure 3.7U). 
Epithelial explants cultured with day 60 milk appeared larger in size with a large lumen (Figure 
3.7H). Immunofluorescence staining showed no cell mass in the centre of explants and the 
lumen was surrounded by simple columnar epithelial cells (Figure 3.7R) and a large number of 
cells were PCNA positive (Figure 3.7V). Explants in day 120 milk had a small cell mass in the 
lumen (Figure 3.7L), increased lumen formation (Figure 3.7S) and increased cell proliferation 
consistent with PCNA staining (Figure 3.7W). The epithelial explant treated with day 120 milk 
was comparatively smaller than observed following culture with day 60 milk (Figure 3.7R, S). In 
the absence of tammar milk, control explants showed no significant growth in size (Figure 
3.7M-P). Necrotic cells were observed in the centre of explants surrounded by cells but 
epithelial cells showed minor cell proliferation (Figure 3.7T).  
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Figure 3.7: Bright field images of mouse embryonic lung epithelial 3D explants cultured for 3 
days in matrix.  (A-D) Explants cultured in the presence of day 20 milk, (E-H) day 60 milk, (I-L) 
day120 milk and (M-P) in the absence of milk. (Q-T) The effect of tammar milk on the 
morphology of embryonic lung epithelial explants.  Epithelial membranes were visualised by 
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staining with E-cadherin (green) and cell nuclei with Dapi (blue). (Q) Explants treated with day 
20 milk showed a disorganized cell mass and no lumen. (R) Explants treated with day 60 milk 
show a large lumen surrounded by columnar epithelial cells. (S) Explants treated with day 120 
milk show a small lumen lined with columnar epithelial cells. (T) Explants cultured in the 
absence of milk showed no defined lumen and a disorganized cell mass. (U-X) Cell proliferation 
of epithelial explants was observed by immunostaining with PCNA antibody (brown) and 
counterstained with haematoxylin (blue). (U) Explants treated with day 20 milk showed minimal 
cell proliferation in comparison to explants treated with day 60 milk (V), and almost all cells 
stained with PNAS. (W) Embryonic lung treated with day 120 milk showed a reduced number of 
cells stained with PCNA compared to explants cultured in day 60 milk. (X) In explants in control 
media there was no evidence of PCNA staining in the cells. (Q-X) Scale bar 100μm, (A-P) Scale 
bar 200 μm 
3.3.7 Effect of tammar milk on isolated mouse embryonic lung mesenchyma in matrix 
To investigate whether there was a direct effect of tammar milk on lung mesenchyma, the 
isolated mesenchyma from E12 embryonic mouse lung was cultured for 3 days as a 3D explant 
in matrigel and treated with tammar milk (day 20, day 60 and day 120). Control mesenchymal 
explants, cultured in media with no milk proteins, initially aggregated and did not develop 
further exhibiting cell shrinkage indicative of necrotic cells after 3 days of culture (Figure 3.8M-
P). The mesenchyma treated with day 20 milk showed no growth and became condensed 
(Figure 3.8A-D). The mesenchyma treated with day 60 milk showed morphological cell 
differentiation and proliferation and elongated mesenchymal cells invaded the matrigel (Figure 
3.8E-H). Whole mount staining of these explants demonstrated the cells were flat, elongated 
and spindle shaped similar to either airway smooth muscle cells or myofibroblast cells derived 
from primary mesenchyma (Figure 3.8Q&T). Mesenchymal explants treated with day 120 milk 
(Figure 3.8I-L) were similar to control cultures (Figure 3.8M-P) with cells failing to survive and 
condensing with apparent necrosis. Whole mount staining of these explants indicated likely 
necrosis and a large reduction of cell population (Figure 3.8R&S).  
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Figure 3.8: Bright field images of 3D mouse embryonic lung mesenchymal explants 
cultured for 3 days in matrix.  
(A-D) Explants cultured in media with day 20 milk showed cell clumping with no significant 
changes over time. (E-H) Explants cultured in the presence of day 60 milk showed an increase in 
cell number and cell differentiation.  (I-L) Explants cultured in the presence of day 120 milk 
showed cell shrinkage and apparent necrosis and a large reduction in cell population. (M-P) 
Explants cultured as controls in media but in the absence of milk. (Q-T) Immunofluorescence of 
embryonic lung mesenchymal explants in matrix culture. (Q) Explants cultured in the presence 
of day 60 milk and stained with DAPI (blue) showed increased cell number and cell 
differentiation. (T) Cells shown in (Q) at higher magnification. (R) Explants cultured with day 120 
milk. (S)  Explants cultured as controls in the absence of milk. The cell debris and large 
reduction in cell population was similar in explants cultured with day 120 milk and control 
explants. Scale bar 200 μm 
 
3.4 Discussion 
3.4.1 Tammar lactation is programmed to potentially regulate lung development in pouch 
young by stimulating branching morphogenesis and growth 
The tammar is born after a short gestation (~ 28 days) and lungs are immature at birth with the 
majority of development occurring during early postnatal life (Frappell and MacFarlane, 2006). 
The in depth analysis of tammar lung development described here showed fetal lungs were still 
at the canalicular stage of development during the final stages of gestation (~day 24 gestation) 
similar to eutherian fetal rat at ~E14 gestation (Wang et al., 2009). The lungs at birth were at a 
transitional stage from a canalicular to saccular structure with the formation of primitive air 
sacs and most of the lung was comprised of mesenchyme tissue. In contrast, in the majority of 
eutherian species the lung develops prior to birth, while respiration is supported by the 
maternal placenta (Sibley et al., 1997).  Unlike eutherians, the marsupial newborn has 
immature organs, including the lung (Frappell and MacFarlane, 2006) and most of their early 
development relies on factors supplied through milk (Nicholas et al., 1997). Interestingly, the 
delay in gut maturation is considered advantageous in neonatal mammals like marsupials, as 
their gastro-intestinal system is immature during early lactation and it has the capacity to 
absorb maternal proteins like immunoglobulins in milk through the gut (Yadav, 1971). Indeed, 
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absorption of macromolecules persists throughout most of pouch young life (Old and Deane, 
2003, Yadav, 1972). The current study examined whether marsupial tammar wallaby milk 
includes bioactives with the potential to stimulate branching morphogenesis in lung. The mice 
embryonic lung chosen from E12 were still at pseudoglandular stage and the tammar lungs 
were transiting from canalicular to saccular stage at the time of birth. Even through, they both 
are at different time points, the reason for choosing the mouse embryonic lung model was to 
assess the effect of tammar milk on various aspects of lung development, including cell 
proliferation, terminal end buds, cell differentiation, and increased size of lung. If the 
experimental design used more advanced stage of embryonic lung it would not be possible to 
analyse effect of milk proteins on these properties. Further, the mouse embryonic lung model is 
well established in understanding the lung development.  Mouse embryonic lungs were 
cultured with tammar milk protein and results showed a significant effect on branching 
morphogenesis and growth of lung explants treated with day 60 tammar milk.  
Analysis of the pattern of gene expression in the tammar wallaby mammary gland has shown 
that the majority of genes are differentially expressed during lactation (Nicholas et al., 1997). 
Moreover there is a gradual change in the number of milk proteins secreted across lactation 
with the potential to influence development and immune protection of pouch young (Sharp et 
al., 2007, Watt et al., 2012, Wanyonyi et al., 2011, Joss et al., 2009). Previous studies have 
shown that transfer of tammar pouch young to a mother at a more advanced stage of lactation 
can specifically accelerate the rate of stomach development in pouch young (Kwek et al., 
2009b) and the results from the current study is consistent with the hypothesis that tammar 
lactation may also be programmed to regulate postnatal lung development during early 
lactation after the first 40 days postpartum. The negative effect of milk at day 20 on in vitro 
lung development correlates with the time when the early saccular phase of development is 
evident and the lung displays a slow rate of septal formation. This may result from milk that 
includes a negative regulator or potentially that the milk is lacking necessary signals for branching 
morphogenesis and increased lung volume. However, this observation correlates with the time when a 
significant proportion of respiration occurs through the skin of the pouch young (Frappell and 
MacFarlane, 2006). In tammar pouch young the majority of lung development was observed 
around day 40 as the lung progressed from saccular stage to alveolar stage. During this process 
the septal crest density increased from ~day 40 – ~day 100 and was observed as the most 
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active state of alveolarization in relation to growth of lung. At this time lungs progress from 
saccular to alveolar (day 40) stage although a significant increase in alveolar number was 
observed until the end of phase 2A (day 100 lactation). This profound increase in branching 
morphogenesis indicates the milk at day 40 – day 100 may have the necessary bioactivity to 
regulate lung development in pouch young and correlates with the timing of increased 
bioactivity of milk in the in vitro lung model.  Further, morphological changes observed in 
tammar pouch young lung after phase 2A lactation at day 120 clearly indicate a slow rate of 
development of septal density which is consistent with the effects induced by milk from day 
120 and day 190 of lactation when there was very limited increase in terminal branches and 
growth in cultured mouse lungs.  
RNA analysis on mouse embryonic lung explants treated with milk from day 20, day 60 and day 
120 of lactation were analysed for expression of a group of marker genes to assess lung 
development in culture; surfactant proteins (SP-C & SP-B) and branching morphogenesis 
proteins (BMP-4 & Wnt7b). Surfactant proteins SP-C and SP-B are the two major surfactant 
proteins expressed in the early developmental stage of the lung (Andreeva et al., 2007). SP-C is 
involved in postnatal respiration (Glasser et al., 2001) and SP-B is involved in immune 
protection (Ryan et al., 2006). Increased expression of these surfactant proteins in mouse lung 
explants treated with day 60 milk indicate that factors in milk were able to stimulate 
proliferation of Type-II epithelial cells and increase synthesis of  surfactant proteins. Expression 
of surfactant protein is essential for successful respiration in newborns and decreased 
expression of surfactant proteins may cause respiratory distress syndrome in preterm infants 
(Fraser et al., 2004).  
The early stage of lung development involves increased branching morphogenesis from the 
main bronchus to increase surface area for gaseous exchange (Burri, 1984, Affolter et al., 2009). 
Expression of BMP-4 and Wnt7b are involved in branching morphogenesis during embryonic 
lung development (Bellusci et al., 1996, Rajagopal et al., 2008). Terminal end buds from the 
primary branches progress to terminal air sacs (Prodhan and Kinane, 2002), a process 
associated with increased epithelial cell proliferation (Cardoso and Lu, 2006). Tammar milk was 
shown to include bioactives that increase terminal end buds and signal epithelial cell 
proliferation and branching morphogenesis when cultured with lungs isolated from mouse 
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embryos. A significant increase in terminal end buds was observed in lungs treated tammar 
milk collected specifically at day 40 - day 100 of lactation and the increase in the level of 
expression of the BMP-4 and Wnt7b genes is consistent with tammar milk proteins activating 
branching morphogenesis. These data suggest that milk secreted during early lactation may 
have the potential to signal branching morphogenesis of altricial young in the pouch. Escalated 
branching morphogenesis supports the increase of total volume of the lung providing the 
required area for lung alveolarization in later stages of development, which in turn provides 
required surface areas for respiration after birth. In addition, during this process in cultured 
embryonic lungs there are progenitor cells located in terminal end buds that can differentiate 
into epithelial cells in the alveolar and bronchial regions. Expression of the Id2 gene is a marker 
for these progenitor cells (Rawlins et al., 2009) and expression of the Id2 gene was increased in 
embryonic lungs treated with tammar milk day 60, but not in lung explants treated with milk 
from early (< day 20), late lactation and under control conditions. Further, cell proliferation was 
higher in embryonic lung treated with day 60 milk and the increased rate of cell proliferation 
observed in mesenchyme in embryonic lungs treated with day 120 milk indicates that these 
changes most likely results from increased mesenchymal signalling factors.  
3.4.2 Tammar milk protein regulates the growth of mouse lung epithelium and 
mesenchyma 
The current study showed a difference in the ratio of epithelium and mesenchyme in 
embryonic lung when treated with tammar milk protein collected from different time points. 
Subsequent experiments showed that tammar milk stimulated epithelium and mesenchyma 
separately to regulate cell differentiation, proliferation and polarity of the cells. Epithelial 
explants specifically treated with day 60 milk preparation developed a large lumen surrounded 
by a single layer of columnar epithelial cells. Mesenchymal-epithelial interactions are essential 
for epithelial branching morphogenesis (Alescio and Cassini, 1962, Masters, 1976). The addition 
of day 60 milk stimulated the cell behaviour of a primitive mesenchyma, with an increase in cell 
proliferation and elongation of mesenchymal cells invading the surrounding matrigel. The role 
of day 60 milk in mesenchymal cell proliferation and differentiation is still unclear, however, 
observation of cells during culture showed they were flattened, elongated and spindle shaped, 
representing either airway smooth muscle cells or myofibroblast cells derived from primary 
mesenchyma (Singh et al., 2010).  A decrease in mesenchymal tissue can lead to a delay or 
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prevention of epithelial branching during lung development (Masters, 1976, Bluemink et al., 
1976). In contrast, the treatment of lung with day 20 milk showed a reduced effect on 
epithelium and mesenchymal cell populations which is consistent with a similar effect observed 
when the whole embryonic lung was cultured in day 20 milk protein. Therefore, factors in milk 
responsible for postnatal lung maturation were expressed from day 40 of lactation until the end 
of the early lactation period (phase-2A) and this temporal effect was lost in later phases of 
lactation (phase 2B & phase 3). The timing of this stimulatory activity of milk on mouse embryo 
lungs is consistent with increased lung development in tammar neonates and reduced level of 
lung development after phase 2A lactation.   
 
3.5 Conclusion 
Taken collectively the results presented in this study indicate that tammar milk can temporally 
regulate cell proliferation and differentiation of both epithelium and mesenchyma cell 
populations from lung. This concept of the timed presentation of milk bioactives to the young 
for lung development is consistent with the timed appearance of milk bioactives that regulate 
gut  development in the young and protection of the young from infection (Joss et al., 2009, 
Kwek et al., 2009b, Trott et al., 2003).  This unique model may offer new opportunities for the 
identification of signalling molecules that are presented to the marsupial young at a time that 
correlates with prenatal presentation of signalling factors by the placenta and amniotic fluid for 
the development of a range of tissues during eutherian foetal development.  
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4.1 Introduction 
In mammals the lung has evolved as a respiratory organ to exchange gases immediately  after 
birth (Philip, 1977). In eutherians the majority of lung development occurs during intrauterine 
life. The lungs of new born are at an alveolar stage of development and the key changes that 
occur during early postnatal life include increased alveolar number and maturation of 
microvasculature (Burri, 2006). Respiratory complications are frequently seen in premature 
infants, largely due to the incomplete development of lung (Burri, 1984). In contrast to 
eutherians, the marsupial young is born at an altricial stage after a short gestation and the 
major development occurs postnatally (Tyndale-Biscoe, 1988, Renfree, 2006, Nicholas et al., 
1997). New born marsupials are similar in development to a late eutherian foetus and the 
immature lung is required to develop rapidly to become fully functional. Studies in marsupial 
species including the Julia Creek dunnart (Sminthopsis douglasi) (Frappell and Mortola, 2000),  
Tammar wallaby (Macropus eugenii) and gray short tailed opossum (Monodelphis domestica) 
(Szdzuy et al., 2008) have shown the lungs of newborns are comprised of a small number of 
large air sacs providing insignificant surface area for respiration, and the lungs are considered 
as functionally immature (Mess and Ferner, 2010a). Therefore these marsupial newborn have 
adopted a unique respiratory mechanism to perform partial gaseous exchange through skin 
during early postnatal development to meet their oxygen demand (Frappell and Mortola, 2000, 
Mortola et al., 1999).   
In all mammals, the extent of development at birth depends on the period of intrauterine 
development as the factors responsible for fetal development are provided by the maternal 
placenta and amniotic fluid (Ferner et al., 2009, Sibley et al., 1997, Fowden, 1995, Fowden and 
Forhead, 2009). Subsequently the eutherian neonate has mature organs for normal function. In 
contrast, development of most organs at birth in marsupials are significantly less advanced 
(Wilkes and Janssens, 1986, Setiati, 1986, Szdzuy et al., 2008). From an evolutionary 
perspective, the survival of these primitive mammalian progeny would have been at greater 
risk of extinction, but these mammals have adapted a unique lactation system to support 
postnatal development of their progeny (Daniel G, 1993, Goldman, 2002). This development 
appears to rely on the factors provided through milk (Nicholas et al., 1997). Therefore the 
marsupial provides an alternative and unique model to understand the process of lung 
development and also to investigate the potential significance of milk bioactives for signalling 
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this development. Recently we attempted to address the hypothesis of milk regulating 
postnatal lung maturation by culturing mouse embryonic lungs with tammar milk whey 
collected early in lactation. The results showed branching morphogenesis and growth of lung 
explants cultured with milk from day 20 milk whey was restricted. In contrast, when an 
embryonic lung was cultured with milk collected between day 40 and 100 extensive branching 
morphogenesis and tissue growth was observed, and this effect was significantly reduced with 
milk collected after day 100 of lactation. This suggested that tammar milk collected prior to day 
20 - 25 lacked the factors necessary for programming growth and development of lung, and 
indeed may have included factors that halt lung progression, indicating that the marsupial milk 
may contain both positive and negative factors to regulate lung maturation. This data is 
consistent with earlier studies showing a significant proportion of respiration in early postnatal 
pouch young occurs through the skin while the lungs are still immature (Frappell and 
MacFarlane, 2006). 
In the present study we have exploited the tammar wallaby as a model to better understand 
the potential role of milk in postnatal lung development of pouch young. To address this aim 
we have adopted a cross-fostering technique of transferring the pouch young at day 25 of age 
to a series of mothers at day 15 of lactation so that the young only receive milk from day 15-25 
of lactation for a period of 20 days. The lungs were then analysed to determine if development 
was reduced. This regime therefore examined the hypothesis of temporal effects of milk 
composition on lung development.   
 
4.2 Materials & Methods 
4.2.1 Ethical approval 
A colony of tammar wallabies (M. eugenii) was maintained at CSIRO Ecosystem Sciences, 
Canberra, Australia. All animal experimentation was approved by The Deakin University and 
CSIRO Animal Ethics committees. 
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4.2.2 Cross-fostering 
The age of pouch young was either determined from known birth dates or estimated by 
measuring head length (Poole et al., 1991). The pouch young were removed from the teat of 
their original mother and transferred to the respective host mother by gently directing the teat 
into the mouth of the pouch young. The host mother was released into the animal yard and 
placed under regular observation. The control pouch young at approximately day 45 of age 
were removed from the mother and the age confirmed by measuring the head length. For 
cross-fostering, initially the pouch young were allowed to grow to day 25 after birth with the 
original mother. The PY was detached from the mother and transferred to a host mother at day 
15 lactation. After allowing for 10 days of fostering the pouch young was once again removed 
for fostering to a day 15 lactating host mother. This maintained the pouch young with milk 
composition not extending beyond day 25 for 45 days of postnatal life (Figure 4.1). Each pouch 
young was evaluated by measuring the head length and body weight. The lung was dissected 
ĨƌŽŵƚŚĞǇŽƵŶŐ͕ƚŚĞƌŝŐŚƚůŽďǁĂƐƐĞƉĂƌĂƚĞĚĂŶĚĨƌŽǌĞŶŝŵŵĞĚŝĂƚĞůǇĂƚоϴϬ0C for RNA analysis 
and the remaining part of lung was rinsed thoroughly with sterile PBS and fixed overnight in 4% 
formaldehyde prior to paraffin embedding. Tissue sections (5-6 μm) were prepared and stained 
with haematoxylin and eosin (H&E) for examination of morphological development. Other 
internal organs were also collected for morphological analysis.  
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Figure 4.1: Schematic representation the cross-fostering experimental design. In the fostered 
group, to restrict the PYs less than 25 days lactation milk composition, the PY at age 25 days 
was transferred to a day 15 lactating host mother.  After 10 days the PY was 35 days of age and 
the mother progressed to 25 days of lactation. The 35 day old PY was again transferred to a day 
15 lactating mother. After 10 days the PY was 45 days of age and the mother was at 25 days of 
lactation. The control group PYs remained with their original mother until 45 days of postnatal 
life. 
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4.2.3 Morphological analysis of embryonic lung 
 Histological analysis was performed by serial sectioning of fixed lung which was stained with 
haematoxylin/eosin (Figure 4.2A). These analyses were performed on an average of 100 images 
from each experimental group using Image-J software. Each image was adjusted using the 
colour threshold default method (Figure 4.2B). The sacs were analysed by overlaying the 
outlines of the sacs using the “Analysed Particles” method (Figure 4.2C). The default setting 
included, size (pixel^2) ranging from 0 to infinity and circularity ranging from 0.00-1.00. The 
summary of results of each image were collected and included count (number of alveolar 
saccules per slice), average size (average size of airway lumen) and % area (percentage of area 
covered by Airway Lumen and Parenchymal tissue). The data collected from each image was 
transferred to Excel for statistical analysis. Results were analysed using a 2 Tailed, Type-2 T-test 
to estimate the statistical significance and the error bars indicates mean ± SEM. 
 
Figure 4.2: Lung tissue section morphological analysis using Image-J software. (A) A Lung 
tissue section H&E stained. (B) The image was adjusted using the colour threshold. (C) 
Overlaying the outlines of the sacs using the “Analysed Particles” method. 
4.2.4 Total RNA isolation and quantitative RT-PCR 
Total RNA was extracted from lung tissue using a PureLink® RNA Mini Kit (Life Technologies) 
following the manufacturer’s instructions and subsequently quantified by spectrophotometry 
(Nano drop ND-1000, Biolab, VIC, Australia). First-strand cDNA was synthesised using 
Superscript IIITM Reverse Transcriptase (Invitrogen), following the manufacturer’s instructions. 
Quantitative RT-PCR (qPCR) was performed using SsoFast EvaGreen Supermix (Bio-Rad) and 
CFX96TM Real-Time PCR Detection System (Bio-ZĂĚͿ͘ dŚĞ WZ ƌĞĂĐƚŝŽŶ ;ϮϬ ʅ>Ϳ ĐŽŶƚĂŝŶĞĚ ϭп
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ŵĂƐƚĞƌŵŝǆ͕Ϭ͘ϮϱʅDŽĨĨŽƌǁĂƌĚĂŶĚƌĞǀĞƌƐĞƉƌŝŵĞƌƐ;dĂďůĞ4.1) and diluted cDNA template. All 
samples were assayed in triplicate. Amplification curves were generated with an initial 
denaturing step for 30 minutes at 94°C, followed by 40 cycles of 940C for 30 seconds, 600C for 
30 seconds and 720C for 30 seconds. The GUSB and 18S genes were used as an internal control.  
Table 4.1: Primer sequences used for mRNA quantification by RT-PCR. 
 
4.2.5 Milk collection and analysis 
Milk samples were collected from both control and fostered groups after removing the PY. 
Tammars were anaesthetised with 1% Isoflurane and 0.2 IU of Oxytocin-S® (Intervet, Boxmeer, 
The Netherlands) administered intramuscularly prior to milk collection. Approximately 100 -200 
μl of milk was collected from each animal by applying gentle pressure to the mammary glands 
ĂŶĚ ŵŝůŬ ǁĂƐ ƐƚŽƌĞĚ Ăƚ оϴϬ0C until further analysis. Milk samples were analysed for total 
protein, carbohydrates and lipid content. The total protein content was measured using Micro 
BCA Protein Assay Kit (Thermo Scientific™ Pierce™ Micro BCA™ Protein Assay). The 
carbohydrates was analysed by measuring the total hexose against standard glucose (Messer et 
al., 1988) and the lipid by measuring the total essential fatty acids against standard oleic acid 
(Atwood and Hartmann, 1992). All measurements fell within the range of the standard curves. 
Gene Forward Primer sequence  
5഻-3഻ 
Reverse Primer sequence  
5഻-3഻ 
BMP4 (Bone morphogenetic 
protein 4) 
ACGAAGAACATCTGGAGAGCA GTTCCCTATACAGGCGGAGC 
Wnt11 (Wingless-Type MMTV 
Integration Site Family, Member 
11) 
TAGGGAGACAGGCCCTGAGAG TGGTGGCTGACAGGTATTTGG 
SFTPB(surfactant protein B) CACACCCAGGACCTCATGGAA ACTGCTAACACAGACTTGGGG 
HOPX (HOP homeobox) CCCATTCAAATGCACGGGGAC CTCGGCGGAGATAAGGAGCA 
AQP4(aquaporin 4) ACTGTGGCTATGGTCTGCAC CCATGGACCGTGGTAACTCC 
GUSB (glucuronidase, beta) TGTACTCACTTGAGGTGACCCT GCTTGTTGACCCCGTGGAAA 
18S CATCACAGCCATCAAGGGT TCTGCCTGTTAAGGAACCAGT 
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4.3 Results 
4.3.1 Cross-fostering the PYs to control the milk composition 
The day 45 old PY were collected from both foster and control group mothers and individual PY 
weight and head length were measured and compared between both groups. The fostered PY 
were significantly reduced in head length (P value 0.051228) (Figure 4.3A) and weight (P value 
0.000712) (Figure 4.3B) compare to the control PY.   
Figure 4.3: The (A) head length and (B) body weight of foster and control pouch young. Data 
shown are mean ± SEM for 3 PY from each group. Statistically significant P values (<0.05) are 
shown with an asterisk. 
4.3.2 Lung morphology of PY in foster and control groups 
The size of the left lobe of the lung was assessed and morphological analyses was performed on 
the right lobe collected from each PY. The lungs were sectioned and stained to assess 
morphological development and the images were analysed using Image J software. The 
percentage of parenchymal tissue in lung from fostered PY was significantly higher and the 
percentage of respiratory lumen area was significantly lower (Figure 4.4). 
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Figure 4.4: Lung morphology in foster and control PY.  
(A) The lobe of the left lung from foster (left) and control PY (right).  (B -E) Lung sections from 
fostered and control tammar PY at age 45 Sections were stained with H&E. Inserts show 
respiratory area in higher magnification, (B & D) the lung parenchyma of fostered PY is denser 
than those of (C & E) control PY lungs. (F & G) Lung morphological analysis, the percentage of 
lung composed of parenchyma tissue and respiratory area (alveolar sacs) were measured using 
Image J. The percentage of area of parenchyma tissue is higher in fostered PY lung and the 
percentage of area of alveolar sacs is higher in lungs from control PY. Data shown are either 
representative or the combined mean ± SEM of 3 PY from each group. P<0.05. Scale bar 1mm. 
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4.3.3 Developmental marker gene expression in lungs from control and foster PY 
Comparative analysis of expression of genes for developmental markers related to postnatal 
lung maturation involved in alveolization and branching morphogenesis was assessed by RT-
PCR analysis. Results showed that marker genes related to branching morphogenesis (BMP4 
and WNT11), alveolization or type-I epithelial (HOPX), Type-II epithelial (SPB), terminal and 
airway epithelia (AQP4) showed a significant reduction in lungs from fostered PY compared to 
lungs from control PY.  
 
Figure 4.5: Expression of marker genes for lung development in PY from foster and control 
groups. RNA was isolated from lungs and the expression of marker genes measured by qPCR. 
(A) BMP4 & (B) WNT11 (branching morphogenesis), (C) SFTPB (type-II epithelial cells), (D) HOPX 
(type-I epithelial cells) and (E) AQP4 (terminal and airway epithelia). The level of BMP-4, 
WNT11, SFTPB, HOPX and AQP4 mRNA was significantly increased in control animals compared 
to foster animals. Data shown are mean ± SEM of 3 PY from each group. Statistically significant 
P values (p<0.05) are shown with an asterisk. 
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4.3.4 Milk composition - total carbohydrates, lipids and protein 
The milk samples collected at the time the PY were sacrificed from both groups were analysed 
for concentration of total carbohydrates, lipids and protein. There was no difference in the 
concentration of total carbohydrate and lipid in milk provided to the PY from both foster and 
control PY.  In contrast, the total protein concentration was significantly lower in the fostered 
group milk samples.  
 
Figure 4.6: Milk collected from foster and control mothers after final removal of PY to analyse 
total (A) protein, (B) lipid and (C) carbohydrates. The concentration of protein was significantly 
higher in milk collected from control mothers compared to the foster group. Data shown are 
mean ± SEM of 3 PY from each group. Statistically significant P values (<0.05) are shown with an 
asterisk. 
4.4 Discussion 
The tammar is born after a short gestation (~ 28 days) and the lungs are immature and still at 
the canalicular stage of development, similar to the eutherian fetal lung (Runciman et al., 
1998). The majority of development occurs during early postnatal life (Frappell and MacFarlane, 
2006, Saunders et al., 1989, Wang et al., 2009). In contrast, in the majority of eutherian species, 
lung develops prior to birth, particularly in response to the placenta which regulates 
intrauterine fetal development by supplying various bioactives (Garnica and Chan, 1996, Bell et 
al., 1999) supporting fetal respiration (Sibley et al., 1997).  Unlike eutherians, the marsupial 
newborn has immature organs, including the lung (Frappell and MacFarlane, 2006) and most of 
their early development relies on factors supplied through milk (Nicholas et al., 1997). Analysis 
of the pattern of gene expression in the tammar wallaby mammary gland has shown that the 
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majority of mammary genes are differentially expressed during lactation (Nicholas et al., 1997). 
Moreover there is a gradual change in the number of milk proteins secreted across lactation 
with the potential to influence development and immune protection of pouch young (Sharp et 
al., 2007, Watt et al., 2012, Wanyonyi et al., 2011, Joss et al., 2009). Studies attempting to 
identify the role of milk factors in stomach maturation of the tammar pouch young have shown 
that milk can trigger phenotypic changes in the neonate stomach (Kwek et al., 2009b) and the 
late phase milk can drive stomach maturation following  cross fostering of the early phase 
neonate to a late phase lactating mother (Kwek et al., 2009b). Hence, the tammar provides an 
exceptional model for correlating milk composition with defined developmental changes in 
pouch young during lactation (Sharp et al., 2008, Nicholas et al., 2012b). The current study is 
consistent with the hypothesis that tammar lactation may also be programmed to regulate 
postnatal lung development.  
4.4.1 Tammar lactation is potentially programmed to regulate the developmental changes 
in pouch young 
In the present study we have adopted a cross-fostering technique, which has been used 
previously in the tammar wallaby to assess effects on growth and development of the PY (Joss 
et al., 2009, Kwek et al., 2009b, Trott et al., 2003). Previous studies have shown tammar milk 
secreted before  ~day 20-25  is lacking the necessary factors for stimulating  lung development 
whereas the milk secreted between 25 and 100 days post-partum stimulates normal lung 
development in vitro. The current study has shown that the total body weight and head length 
was reduced in fostered PY when compared with control PY. Similar effects observed in 
previous studies showed that tammar milk composition can influence the rate of PY growth 
(Trott et al., 2003). Therefore, these studies most likely have relevance to improve the 
understanding of factors influencing growth of preterm infants which similarly have low birth 
weights and  increased frequency of  morbidity and mortality in neonates (Imdad and Bhutta, 
2013).  
The histological analysis of lung from fostered PY showed immature morphology compared 
with lung from control animals, in terms of the total area of respiratory lumen and the presence 
of more intermediate tissue with thicker septa. This morphology indicated that the immature 
lungs had less area for gaseous exchange and also the thicker septal structures would have 
reduced gaseous exchange (Weibel, 2009, Weibel, 1999, Fraser et al., 2004). In addition, these 
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data are consistent with the lower expression of marker genes in fostered PY lung indicating a 
likely delay in lung development. For example,  the expression of both BMP4 and WNT11 genes 
was lower and these genes are known to be involved in various aspects of branching 
morphogenesis of lung and other organs like kidney (Bellusci et al., 1996, Pongracz and 
Stockley, 2006, Wodarz and Nusse, 1998).  In addition, the reduction in expression of AQP4, a 
marker gene predominantly expressed in the respiratory airway epithelia cell of peripheral lung 
region (Song et al., 2000), was also consistent with a delay in branching morphogenesis. 
Similarly, significantly reduced expression of the marker genes related to alveolization (HOPX, 
SPC and SPB) in fostered PY lungs indicated both Type-I and Type-II epithelial cells that produce 
surfactant proteins SPB and SPC were reduced (Treutlein et al., 2014). These data are also 
consistent with reduced expression of the transcriptional factor HOPX involved in lung 
maturation through alveolization (Yin et al., 2006) which is also specifically expressed in the 
Type-I epithelial cells (Treutlein et al., 2014). Taken collectively, the data indicated poor 
alveolization and lung maturation in fostered PY.  
Previous experiments (chapter 3) have shown day 20 milk is lacking the necessary signaling 
factors for stimulating embryonic lung development or alternatively may include factors to 
reduce lung development until the PY reaches more than 20 days of age. On the other hand, 
the control group PY had normal lung growth, which suggests the factors responsible for lung 
maturation were present in milk secreted beyond day 25 of lactation.  This data also correlates 
with morphological changes in lung observed in pouch young over this period, where the lung 
displays a slow rate of septal formation (Szdzuy et al., 2008) (Chapter 3). Based on the lung 
morphological analysis during the early postnatal life of tammar pouch young, an increase of 
alveolization in lung was observed from 30 days of age which continued until 100 days (Szdzuy 
et al., 2008, Runciman et al., 1998, Runciman et al., 1999) (Chapter 3). In addition, from our 
previous studies we observed that an embryonic lung cultured in day 40 milk showed extensive 
branching morphogenesis and tissue growth. These observations are consistent with the 
hypothesis that the marsupial tammar milk drives the developmental process in pouch young 
(Nicholas et al., 1997, Sharp et al., 2009).  
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4.5 Conclusion 
The interruption in regular development that affected pouch young development is similar to a 
human preterm neonates born with respiratory disorders due to interruption of the regular 
development processes that results potentially from reduced exposure to maternal signaling 
factors (Fraser et al., 2004, Swischuk, 1997). Similarly, as the marsupial is born with immature 
lungs and their majority of development occurs postnatally and entirely depends on the factors 
provided through milk (Brennan et al., 2007, Nicholas et al., 1997), the disruption of the correct 
milk factors effects lung maturation. Based on the present study, an interruption in regular 
composition of milk has resulted in delayed lung development. Hence, in marsupial lactation 
the continuous change in the milk composition (Nicholas et al., 1997, Sharp et al., 2009) 
appears to be programed to regulate the developmental changes in the pouch young and 
therefore the marsupial model provides new opportunities to reveal those factors supplied 
through milk that impact on lung development. Subsequent experiments should examine the 
potential to accelerate lung development in pouch young by fostering young at day 5 or day 10 
of age to mothers at greater than day 30 of lactation. Alternatively providing milk whey from 
day 30 of lactation as a supplement (by gavage) to 10 days old pouch young, which can be 
retained in the pouch. This study may provide an opportunity to evaluate tammar milk in 
progressing the lung development and also to examine milk bioactivity using an experimental 
design that allows for corrections in altered levels of nutrition. 
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5.1 Introduction  
MicroRNAs (miRNAs) are small RNAs involved in post-transcriptional regulation of target 
mRNAs, thereby regulating protein expression levels. miRNAs have crucial roles in regulating a 
wide range of cellular functions, such as cell differentiation, proliferation and cell death (Hwang 
and Mendell, 2006, Song and Tuan, 2006). Recent studies have shown that secretory miRNAs 
are found in body fluids including breast milk (Zhou et al., 2012), saliva (Michael et al., 2010), 
plasma (Caby et al., 2005) and urine (Pisitkun et al., 2004). The presence of circulating or 
secreted miRNAs in these body fluids has suggested that secretory miRNAs may function in 
extracellular cell to cell signalling  and participate in intercellular regulation of cell function 
(Kosaka et al., 2013). It has also been reported that secretory miRNAs, and in particular milk 
miRNA, may be secreted inside small vesicles called exosomes (Zhou et al., 2012). Exosomes are 
small lipid-bilayer membrane vesicles, which are released by cells into the extracellular 
environment and carry various components including peptides, protein, mRNAs and miRNAs 
(Camussi et al., 2010). Exosome packaging is considered as a key factor for the stability of 
secretory  miRNAs in the degrading conditions of the extracellular environment (Ge et al., 
2014). Apart from being secreted in exosomes, milk miRNAs may also be secreted by an 
alternative mechanism through milk fat globules (Munch et al., 2013).  Production of milk is a 
complex process; milk is composed of various bioactive components supporting early 
development of the neonate (Donovan and Odle, 1994, Nicholas, 1988a). Therefore it is 
important to fully understand the functional role of miRNA in milk. Expression studies of milk 
miRNAs have so far been reported in several eutherian species including human (Kosaka et al., 
2010), bovine (Hata et al., 2010) , pig (Gu et al., 2012) and goat (Ji et al., 2012), and have shown 
that a number of these miRNAs are related to immune regulation, suggesting they may regulate 
the immune system of sucklings. In addition, miRNAs are known to have important roles in 
various biological processes, including organogenesis and morphogenesis during fetal 
development. Gene knockout studies in laboratory models such as zebra fish and mouse have 
demonstrated that miRNAs are involved in development through post-transcriptional 
regulation of mRNA expression (Wienholds et al., 2005b, Laurent, 2008) (Wienholds et al., 
2005a, Laurent, 2008). 
In mammals, the change from intrauterine to extrauterine life is a major transition that is 
exclusively supported by maternal milk provision. Limited development of neonates is observed 
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after a short gestation in primitive mammals like marsupials and monotremes, and milk has a 
vital role in supporting the development of immature new born during their early postnatal life 
(Trott et al., 2003). During evolution of mammals, marsupials and eutherians have adopted 
different reproductive strategies which have given rise to a marked difference in maturation at 
birth (Tyndale-Biscoe, 1988). Eutherians, including humans, undergo a long gestation period 
allowing greater foetal development in utero and their composition of milk does not change 
significantly except for the short period of colostrum production at the onset of lactation 
(Jenness, 1986). In contrast, marsupials such as the tammar wallaby (Macropus eugenii) have a 
short gestation followed by a long lactation, and the composition of milk changes significantly 
throughout the lactation cycle to provide factors for growth and development of the immature 
neonate (Nicholas, 1988a, Tyndale-Biscoe, 1988). As a result of a short gestation and long 
lactation period, a significant part of development and growth of the marsupial young occurs 
postnatally during early lactation (Renfree, 2006), and signalling factors necessary for 
development of the neonate may be secreted by the marsupial mammary gland (Brennan et al., 
2007). Mammalian neonates generally receive immune protection from milk (or colostrum) 
immediately after birth.  In marsupials in particular, the newborn, which does not receive any 
passive immunity during foetal development, lacks a mature immune system  and this renders 
them more vulnerable to pathogenic infections and therefore they are highly dependent on 
maternal immune source via milk for adequate protection (Deane and Cooper, 1984, Tizard, 
2001).  
 Studies of the lactation systems of marsupial such as the allied rock wallaby (Petrogale 
assimilis) (Merchant, 1966), the north American opossum (Didelphis Virginiana) (Green et al., 
1996) and the tammar wallaby (M. eugenii) (Bird et al., 1994, Nicholas, 1988a) shown 
significant changes in their milk composition throughout lactation in marsupials. The tammar 
wallaby is the one of the most studied marsupials and its lactation period is divided into three 
phases based on the composition of the milk, growth and behaviour of the young (phase 2A, 
phase 2B and phase 3, while gestation is phase 1) (Bird et al., 1994, Nicholas, 1988a). The 
tammar wallaby gives birth to a single altricial young after 28 days of gestation (phase 1 of the 
reproductive cycle). The new born weighs approximately 440 milligrams at birth (Ward and 
Renfree, 1984). During the early phase of lactation (phase2A, ~100 days), the young is 
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permanently attached to the teat and the mother secretes dilute milk with a low concentration 
of protein and lipids but a high concentration of complex carbohydrates (Messer and Nicholas, 
1991). In mid-lactation (phase2B, ~day 100 to 200) the young remains in the pouch without 
being permanently attached to the teat and milk composition remains similar although changes 
in milk protein composition have been observed (Nicholas et al., 1997). During the final stage of 
lactation (phase3, ~day 200-325), the pouch young begins feeding on vegetation but still 
consumes milk from the mother. During this phase of lactation, the milk becomes rich in 
protein and lipids with a reduction in the concentration of carbohydrates (Green et al., 1983). 
The continuous change in the composition of milk proteins has important roles for the 
development of the pouch young (Nicholas et al., 2012a) and therefore the tammar provides an 
exceptional model to correlate milk composition with the defined developmental changes of 
pouch young during lactation, and the identification of new activities in milk associated with 
molecular signals (Sharp et al., 2007).   
The aims of the present study were first to confirm the presence of, and identify small RNA in 
marsupial milk, particularly focusing on regulatory miRNA, and to quantitatively profile the 
dynamics of marsupial milk miRNA expression during the lactation cycle. In addition, this 
investigation compared miRNA in lactating mothers milk and circulating blood serum in order 
to investigate the possibility of transfer of blood miRNA into milk. Finally the study evaluated 
the putative transfer of milk miRNAs from the mother to the circulatory system of the neonate. 
Overall, the study supports the concept that milk miRNA represent new signalling agents in the 
molecular relationship between mother and young that has evolved in mammals.  
 
5.2 Methods 
5.2.1 Ethical approval 
Tammar wallabies (M. eugenii) were maintained in open grassy yards in a breeding colony at 
Deakin University, Geelong, Victoria (May–August 2012) and CSIRO, Canberra, Australia (June-
September 2012). All experimentation was approved by Deakin University and CSIRO Animal 
Welfare committees.  
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5.2.2 Milk collection and isolation of miRNA 
Prior to collecting milk, female tammar wallabies were anaesthetised either with an 
intramuscular injection of 0.2 ml (4 mg/kg body weight) of Zoletil 100® (Virbac, NSW, Australia) 
or by inhalation anaesthesia (4% Isoflurane under oxygen). To optimize milk collection and to 
induce milk letdown 0.2 IU of Oxytocin-S® (Intervet, Boxmeer, The Netherlands) was 
administered intramuscularly. Approximately 300 - ϱϬϬ ʅ> ŽĨ ŵŝůŬ ǁĂƐ ĐŽůůĞĐƚĞĚ ĨƌŽŵ ĞĂĐŚ
animal by apƉůǇŝŶŐŐĞŶƚůĞƉƌĞƐƐƵƌĞƚŽƚŚĞŵĂŵŵĂƌǇŐůĂŶĚƐ͕ĂŶĚ ŝƚǁĂƐƐƚŽƌĞĚĂƚоϴϬΣƵŶƚŝů
further analysis. To examine the temporal variation of milk miRNA secretion, milk was obtained 
from mothers at day 35 (n = 10), 75 (n = 5) (phase 2A) 118 (n = 4), 175(n = 4) (phase 2B) and 250 
(n = 4) (phase 3) of lactation (some early lactations were interrupted due, in part, to the young 
failing to reattach to the teat). The milk was thawed on ice and samples collected at particular 
time points were pooled together. About 1 ml of milk mix was use for RNA isolation. The 
samples were centrifuged at 5000xg for 10 min to isolate the fat and cells from skim. Skim milk 
was centrifuged at 17,000Xg for 20 min to isolate any remaining cells and fat. miRNAs were 
isolated from skim milk using a commercially available miRNA isolation Kit (mirVana™ miRNA 
Isolation Kit, Ambion) and the isolation was performed as instructed in the manufacturer’s 
manual. The miRNA was eluted with 100μl of elution solution provided in the kit.  The samples 
were stored at -800 C until further analysis.  
5.2.3 RNA sequencing 
Sequencing libraries were prepared according to the Solexa Small RNA Sample Prep Protocol. 
Briefly, the RNA was resolved on 15% polyacrylamide denaturing gels. Gel fragments with a size 
range of 18–40 nucleotides were excised, and the small RNA fragments were eluted overnight 
with 0.5 M NaCl at 4°C, and precipitated by ethanol. The small RNA was ligated to 5’ and 3’ RNA 
adapters with T4 RNA ligase, transcribed into cDNA by Super-Script II Reverse Transcriptase 
(Invitrogen) and amplified by 15 PCR cycles using Illumina™ small RNA primer set that were 
annealed to the ends of the adapters. The amplified cDNA products were purified and 
recovered. Finally, Solexa/Illumina HiSeq sequencing technology was employed to sequence the 
small RNA samples (BGI, Shenzhen, China). The sequencing data was deposited in the Gene 
Expression Omnibus (GEO accession GSE58941). 
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5.2.4 Blood collection and isolation of miRNA 
To compare the miRNA distributions of milk and blood serum of  lactating mothers, blood 
samples were collected from the lateral tail vein of lactating mothers at day 118 (n = 2) and day 
175 (n = 2). To analyse miRNAs expression in blood of pouch young during the course of 
development, pouch young at age of day 30 (n = 6), 80 (n = 4), 130 (n = 4) & 150 (n = 3) and 
adult (post suckling) (n = 3) were collected from lactating mothers and the blood samples were 
collected immediately after sacrifice. The miRNAs from blood serum were extracted using a 
miRNeasy Serum/Plasma Kit (QIAGEN) as instructed in the kit manual. Milk miRNAs were 
quantified using qRT-PCR. Two exogenous miRNAs spikes of chemically synthesized cel-miR-39 
and cel-miR-54 (miRNA sequences from Caenorhabditis elegans) were simultaneously used as 
control genes. 
5.2.5 Analysis of RNA-seq data  
Raw FastQ sequence files from the sequencer were cleaned and adaptors were trimmed using 
FastQ and FastX programs. Because a complete annotated chromosomal sequence of wallaby is 
not yet available, the closely related Opossum genome reference and annotations were 
downloaded from Ensemble (Monodelphis_domestica.BROADO5.67). Chromosomal sequences 
were indexed using Bowtie2 software and wallaby datasets read mapping was performed 
against Mondom5 genome assembly using Bowtie2 (Meunier et al., 2013). Genome alignments 
were visualized and further investigated in SeqMonk (version 0.24.1). A specialized miRNA 
annotation tool miRanalyzer was used for the identification of miRNA populations in small RNAs 
sequence libraries. This tool employs the fast read aligner Bowtie to first align sequences to 
known miRNAs from miRbase version 19 (Barrett et al., 2011), then to noncoding RNA 
sequence from Rfam and, finally the remaining sequences are investigated in the context of the 
genome reference. miRNA target predictions were done on miRNA_Targets database 
(http://mamsap.it.deakin.edu.au/~amitkuma/mirna_targetsnew/index.html) (Amit Kumar, 
2012). Ontology analysis was performed using David Bioinformatics Ontology Database. 
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5.2.6 Data accession numbers 
The data sets supporting the results of this article are available in the GEO database, accession 
number for the data set is GSE58941.  
5.2.7 cDNA synthesis and q-PCR for miRNA 
Stem-loop primers were used for accurate and sensitive detection of miRNAs (Varkonyi-Gasic et 
al., 2007). miRNA sequences were retrieved from the miRBase sequence database 
(http://www.mirbase.org/cgi-bin/browse.pl) to design stem-loop and forward primers. The 
reverse primer used for RT-PCR was always the universal reverse primer (Table 5.1).  
Table 5.1: Primer sequences used for miRNA quantification by PCR. 
miRNAs Stem-loop primers Forward primers 
mir148 
5’-GTC GTA TCC AGT GC GGG TCC GAG GTA TTC GCA 
CTG GAT ACG AC ACA AAG-3’ 
5’-CCG GGC TCA GTG CAC TAC 
AG-3’ 
mir22 
5’-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC 
GCA CTG GAT ACG AC GCA GTT-3’ 
5’-CCA GGC AAG CTG CCA GTT 
G-3’ 
mir141 
5’-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC 
GCA CTG GAT ACG AC GCA TCT-3’ 
5’-CGC GCC TAA CAC TGT CTG 
GTA-3’ 
miR30a  
5’-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC 
GCA CTG GAT ACG AC CTT CCA-3’ 
5’-GGC GCG TGT AAA CAT CCT 
CGA-3’ 
miR92 
5’-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC 
GCA CTG GAT ACG AC CAG GCC-3’ 
5’-GCG CTT ATT GCA CTT GTC 
CCG-3’ 
cel-miR-54  
5’-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC 
GCA CTG GAT ACG AC CTC GGA-3’ 
5’-CGC GCG TAC CCG TAA TCT 
TCA-3’ 
cel-miR-39 
5’-GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC 
GCA CTG GAT ACG AC CAA GCT-3’ 
5’-GAG CGC TCA CCG GGT GTA-
3’ 
Universal reverse primer 
5’-CCA GTG CAG GGT CCG AGG 
TA-3’ 
 
The RT mixture included the combination of RNA (100ng), 10mM dNTP, stem-loop primer 
(1μM) and nuclease free water up to 15μl total volume. The mixture was incubated at 65°C for 
5 minutes and immediately transferred to ice for 2 minutes. The reaction mix (15 μl) of the first 
RT synthesis, 5X First stand buffer (4μl), 0.1 m DTT (2μ), 0.25μl RNaseOUT (40units/μl) and 0.5 
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μl Superscript III (200 units/μl) was incubated in a thermocycler for 30 minutes at 160C, 
followed by 30°C for 30 seconds, 40°C for 30 seconds and 50°C for 1 second for a total of 60 
cycles. Reactions were terminated by incubating at 85°C for 5 minutes. Real-time PCR was 
performed using an SsoFast EvaGreen Supermix (Bio-Rad) and CFX96TM Real-Time PCR 
Detection System (Bio-Rad). The PCR mixture contained cDNA from RT synthesis, 1 μM forward 
primer, 1 μM universal reverse primer, and 7 μl SYBER Green master mix and made to 14 μl 
with nuclease free water. All samples were run as triplicates. The expression levels of target 
miRNAs were normalized to artificial miRNA Spikes cel-mir-39 (tcaccgggtgtaaatcagcttg) and cel-
mir-54 (tacccgtaatcttcataatccgag). 
5.2.8 Exosome isolation from tammar milk 
This isolation process was performed at 40C. The milk samples were thawed on ice and 
centrifuged at 5000xg for 10 min to isolate the fat and cells. The samples were then centrifuged 
at 17,000xg for 30min to remove the excess cell debris and fat. Samples were subsequently 
subjected to ultracentrifugation at 50,000xg for 60min to remove casein micelles and collect 
the whey fraction. The whey fraction was filtered through a 0.4μm PVDF filter and then a 0.2μm 
PVDF filter to remove any further complex particles, and also to allow free flow of the sample 
through in the subsequent filtration step. The filtrate was loaded on to a 100kDa filter column 
(Vivaspin 6, Sartorius AG) and centrifuged at 3900xg for 90min. The flowthrough purified milk 
exosome fraction was collected and stored at -800C.  
5.2.9 Small RNA profiling on the Bio-analyser 
miRNA was isolated from the milk exosome fraction and subjected to bio-analyser profiling to 
analyse the distribution of small RNA and estimate miRNA concentration using an Agilent 2100 
Bioanalyzer and a Small RNA isolation kit (Agilent Technologies Australia). The experiment was 
performed as directed in the kit manual and 1μl of the RNA preparation was used for the 
analysis. The samples and dye were prepared and loaded as instructed. The quantity and 
quality of miRNA was analysed through Bioanalyzer software.     
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5.2.10 Electron-microscope (TEM) analysis of exosomes 
Purified exosomes from milk samples were analysed using TEM. A drop of sample was placed 
on parrafilm and fixed with 2.5% gluteraldehyde for 10 minutes at room temperature. A copper 
grid (Formvar film on 300mesh Cu Grids) was placed on the drop for 30min. The sample grid 
was washed twice with deionized water to remove the excess fixative and stained with Nano-
Wan (Nanoprobes). Samples were examined under a JEM-2100 LaB6 Transmission Electron 
Microscope. 
5.2.11 Stability of milk exosome miRNAs 
The stability of milk miRNAs in the exosomal fraction were examined under the following 
conditions: (A) pH1.5 for 5 and 60 minutes ĂƚϯϳȚ; (B) pH4 for 5 and 60 minutes ĂƚϯϳȚ, the pH 
was altered by stepwise addition of 1N HCL aliquots as required and (C) treatment with RNase 
ǁĂƐĨŽƌϱĂŶĚϯϬŵŝŶƵƚĞƐĂƚϯϳȚ͘dǁŽĐŚĞŵŝĐĂůůǇƐǇŶƚŚĞƐŝƐĞĚ͕ĨƌĞĞĞǆŽŐĞŶŽƵƐŵŝZEƐǁŚŝĐŚ
have no sequence similarity to tammar milk miRNAs (cel-mir-39 and cel-mir-54) were included 
with the exosomes as a control. The miRNAs were isolated and quantified by q-PCR as 
described above. 
5.2.12 Statistical Analysis 
The Q-PCR analysis were represented as mean ± standard error of mean (SEM) and the 
expression was statistically analysed by applying student t-Test. Differential expression was 
considered significant when P < 0.05.    
 
5.3 Results 
5.3.1 Tammar wallaby milk contains RNA and is enriched in miRNA 
First, to confirm the presence of RNA in marsupial milk, RNA was purified from tammar wallaby 
milk collected at day 250. The results confirmed that tammar milk contains significant 
quantities of total RNA (319.28μg/ml) and small RNA (sRNA). Profiling on the Bioanalyzer 
(Figure 5.1A) showed that a large proportion of milk total RNA was small RNA 83 % 
(265.06μg/ml) with miRNA representing approximately 66% of total milk RNA (210.65μg/ml). 
However, these values may be considered approximate, as the results are obtained from milk 
that has been through a single freeze-thaw cycle, even though the milk exosomal miRNAs were 
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shown to be partially stable during multiple freeze-thaw cycle (Gu et al., 2012, Zhou et al., 
2012). 
5.3.2 Tammar wallaby milk miRNA co-purifies with exosome-like vesicles 
To analyse the compartmentalisation of small RNA in milk, tammar milk was fractionated by a 
series of ultracentrifugation steps followed by filtering as described in methods. Small RNA was 
shown to remain in the supernatant after ultracentrifugation at 60,000g for 1 hour and did not 
pass through a 100kDa filter (compare Figure 5.1A and Figure 5.1B), suggesting that the RNA is 
likely associated with either high molecular weight complexes or small vesicles. TEM 
microscopy of the RNA enriched fraction (Figure 5.1C) revealed that the fraction was also 
enriched in vesicles of 40 – 80 nm diameter, exhibiting similar structure to exosomal vesicles 
previously reported in milk preparations from eutherian species (Kosaka et al., 2010) (Gu et al., 
2012). These results suggest that RNA is most likely transported within exosomes in tammar 
milk, although we cannot exclude association with large protein complexes. Further, to analyse 
the stability of miRNA in the milk exosome fraction under conditions similar to the stomach 
environment, the exosome preparations were incubated at pH4 and pH1.5, and treated with 
RNAse (Figure 5.2). Free synthetic exogenous miRNAs were added to the preparation as a 
control. The results showed that milk miRNAs were more stable in acidic medium and highly 
resistant to RNAse treatment in comparison to exogenous miRNAs. This suggests that milk 
miRNAs in exosome were protected, supporting exosome packaging as a likely factor for their 
stability.  
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Figure 5.1: Tammar milk small RNA profiling in exosomes. RNA from tammar milk exosome co-
fraction was analysed on the Bioanalyzer. (A) RNAs were mainly detected in the exosome co-
fraction, but not in the (B) 100kDa eluted fraction. (C) Exosomes vesicles detected by TEM in 
the exosome fraction. 
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Figure 5.2: Stability of tammar milk miRNAs under digestive conditions. The stability of 
tammar milk miRNAs tested under various conditions by incubating the milk exosome 
preparation at (A& B) 350C, (C&D) pH1.5, (E&F) pH4 and (G&H) with RNase. (Left panel) the 
expression levels of milk exosomal miRNAs mir-22 and mir-148 and, (right panel) the expression 
level of exogenously added miRNAs cel-mir-54 and cel-mir-39. 
5.3.4 Tammar wallaby milk miRNA profiling  
In order to characterise the small RNA population of tammar milk, seven small RNA libraries 
were sequenced on an Illumina hiseq 2000 sequencer. RNA samples were isolated from milk at 
various stages of lactation and from two additional samples isolated from the blood serum of 
lactating wallabies also used for milk collection at 118 and 175 days of lactation. Small RNA 
library sequencing reactions produced from 9 to 13 million raw reads, which were cleaned by 
removal of low quality reads, reads contaminated with 3 prime and 5 prime adaptor sequences, 
adaptor only sequences and sequences shorter than 18 nucleotides (Table 5.2). A total of 4 to 
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13 million high quality reads were recovered from the libraries. The sequence length 
distribution of small RNA showed the highest abundance at 22 nt, indicating miRNA-like 
sequences were the most abundant sequences identified in the majority of samples, 
representing from 20 to 62% of total RNA sequence reads (Figure 5.3 and Table 5.3). Milk 
samples from Day-72 and phase-3 also showed a high proportion of 30 - 31 nt sequences 
mainly representing transfer RNA fragments.  
 
 
Figure 5.3: The distribution of small RNAs of various lengths (18-32 bp) sequences. Small RNAs 
were isolated from the tammar milk day 35, day 72, day 118, day 175 and day 250 lactation, 
and small RNA isolated from tammar lactation mother serum at day 118 and day 175.  
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Table 5.2: Processing of wallaby small RNA libraries.   
 
5.3.5 Milk miRNA profiles change during the lactation cycle of the tammar wallaby 
As discussed earlier, the tammar lactation cycle is divided into three main stages; phase 2A (up 
to day 100), phase 2B (from day 100-200) and phase 3 (after day 200), with phase 1 
corresponding to the period of gestation. While annotated miRNA from serum represented 58-
62% of small RNA sequences, this proportion varied for 20 to 60% of sequences from milk 
(Table 5.3). In contrast, milk samples after day 72 of lactation had apparently a slightly more 
diverse miRNA population than serum despite the fact that milk and serum samples were 
collected from the same lactating female at day 118 and day 175 (Table 5.3). Interestingly, this 
was due to a larger set of newly predicted miRNA from milk. Overall, the number of small RNA 
sequences, unique reads and miRNAs expressed in milk samples showed some variability due to 
contamination by tRNA fragments as observed above for Day-72 and phase-3 samples and 
other experimental factors. Therefore miRNA only sequences annotated by miRanalyzer were 
collected and proportion-normalised to allow a more relevant comparison of miRNA 
 Day-35 
 
Day-72 Day-118 Day-175 Day-250 D-118  
serum 
D-175  
serum 
Total reads 12381908 12134643 13784187 12309932 13709829 14309026 10205531 
High quality 12335856 12089154 13751725 12280357 13658689 14256868 10180431 
3'adapter 92168 88219 59397 64848 52910 72041 89445 
Insert 439041 323346 237928 81011 79542 194066 232346 
5'adapter 101546 18404 33582 54636 44400 105075 99390 
< 18nt 1821675 376879 2041588 1288530 1392025 440562 669988 
polyA 5 186 311 87 190 6 63 
Clean reads 9881421 11282120 11378919 10791245 12089622 13445118 9089199 
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populations; by dividing the total number of reads annotated for each miRNA by the total 
number of miRNA reads annotated in respective samples. 
Table 5.3: MicroRNA analysis using miRanalyzer. 
 
The ten most highly abundant miRNAs in milk at five lactation time points and  blood serum 
samples at day 118 and 175 of lactation are summarized in (Table 5.4). miR-191 and miR-184 
were the most abundant miRNAs in milk from day 35 to day 118. miR-191 was also present in a 
very high proportion in the blood serum of mothers. miR-184 was highly abundant in phase-2A 
and early phase-2B. Three miRNAs of the let-7 family (7f, 7a and 7i) were also among the top 
ten miRNAs expressed during the lactation cycle. MiR-181 was consistently in the 6 most 
abundant miRNAs in all milk and serum samples. MiR-148 showed a gradual increase in 
proportional abundance from early lactation to the end of phase-2B and was the most highly 
 Day-35 
Milk 
Day-72 
Milk 
Day-118
Milk 
 
Day-175
Milk 
Day-250 
Milk 
Day-118 
serum 
Day-175
serum 
Total reads 6781022 7084407 9559993 10596179 6664261 12360382 4776956 
Unique reads 28968 52333 72537 40811 48558 22639 34143 
% reads aligne
to miRNAs 
25.80 50.30 20.80 37.50 62.30 62.30 58.50 
% reads aligne
to genes 
0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 
miRNA known 49 90 60 85 90 77 76 
Predicted 
miRNAs 
45 131 89 101 141 60 55 
Total miRNAs 94 221 149 186 231 137 131 
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abundant miRNA at day-175. miR-375 also showed a gradual increase in proportional 
abundance from early lactation with a peak in phase 3 (Figure 5.4).  
 
Table 5.4: miRNAs found in individual samples of milk and serum from tammar females. 
*MiRNAs mir-148 and miR-375 are highlighted to show the increase in their abundance along 
the lactation cycle. 
Milk miRNA expression data suggested that a number of miRNAs were expressed differentially 
during lactation. Based on the quantification of sequencing data we selected miR-148, miR-22, 
miR-30a and miR-141, to confirm this differential temporal expression during the lactation cycle 
by qRT-PCR (Figure 5.5). As shown in Figure 5.4 these miRNAs were also shown to be 
differentially expressed in milk collected at similar time points of lactation from at least 3 
different animals at each time point, excluding milk from the animals used for sequencing. The 
results correlated well with those from quantitative RNA sequencing, therefore individual PCR 
confirmed differential temporal expression of all the tested miRNA in milk collected from all 
other animals. 
 
 
Day-35 
(Phase 2A) 
Day-72 
(Phase 2A) 
Day-118 
(Phase 2B) 
Day-175 
(Phase 2B) 
Day-250 
(Phase 3) 
D-118  
serum  
D-175 
 serum 
miR-191 miR-191 miR-191 miR-148* miR-375* miR-10b miR-10b 
miR-184 miR-184 miR-184 miR-30a miR-191 miR-10a miR-191 
let-7f miR-148* miR-148* miR-375* miR-30a miR-191 miR-10a 
miR-181c,a miR-181c,a miR-375* miR-191 miR-148* miR-181c,a miR-92 
miR-148* let-7f let-7f let-7f miR-22 miR-92 miR-181c,a 
let-7a miR-30a miR-181c,a miR-181c,a miR-181c,a miR-215 miR-215 
miR-92 miR-375 miR-10b miR-143 miR-141 let-7i miR-375 
miR-10b let-7a miR-30a miR-141 miR-143 miR-143 miR-143 
miR-375 miR-141 let-7a miR-10b let-7f miR-375 miR-22 
let-7i miR-204 miR-92 let-7a let-7a miR-25 miR-25 
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Figure 5.4: Wallaby milk miRNA abundance profiles at 5 lactation time points and two serum 
samples matched to the milk samples. Bar diagram illustrating the normalized percentage of 
mapped reads. 
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Figure 5.5: Tammar milk miRNA expression pattern during lactation. The expression profiles of 
highly abundant tammar milk miRNAs were correlated between the q-PCR and sequencing data 
Values are means ±SD 
5.3.6 Expression of wallaby milk and serum miRNAs.  
Hierarchical clustering of normalised miRNA proportion profiles showed blood samples were 
closely grouped together while milk samples were grouped on a different branch of the 
dendogram (Figure 5.6A). In order to further identify trends in the co-expression of milk miRNA 
during the lactation cycle, normalised miRNA quantification data were clustered into 5 groups 
or clusters by the Self Organizing Tree Algorithm (SOTA) implemented in MeV (Version 4) 
software, using default settings (Figure 5.6B). The proportion of miRNAs in each cluster is 
represented in Table 5.5 Milk miRNAs in cluster 1 had more variable relative concentration 
profiles dominated by a biphasic profile with increased proportions in early phase 2A and 
during phase 2B. This group included let-7 family miRNAs members let-7a, let-7f and let-7i. 
Cluster 2 was the smallest cluster encompassing only 7 miRNAs. The highest expression values 
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were reported on day-35 with decreasing relative expression thereafter. In cluster 3, miRNAs 
were highly represented up to day 118 with a gradual decrease in late lactation phases 2B and 
3. In cluster 4, miRNAs showed comparable expression across the whole lactation cycle, 
including miR-191 and mir10b, some of the three most highly expressed miRNA in all samples. 
Cluster 5 contained the highest number of miRNAs (41%). This cluster consisted mainly of milk 
miRNAs expressed at all stages of lactation with consistent proportional increase from early to 
late lactation. The most notable miRNAs in this group were mir-375, mir-30a and mir-148. The 
proportion of miRNAs in each cluster is represented in Table 5.5. 
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Figure 5.6: Clustering of wallaby milk and serum miRNA profiles by Hierarchical Clustering 
Linkage method: (single linkage Pearson correlation). (6A) Grey colour in the heat maps 
denotes the absence of miRNA and black colour indicates miRNAs below 0.001 %. (6B) Milk 
miRNA clustering into 5 clusters illustrating individual miRNA expression. 
 
Table 5.5: Proportion of wallaby milk miRNA in clusters from the Self Organizing Tree 
Algorithm (SOTA) using relative expression levels across 5 time points of lactation cycle. 
 
 
 
 
 
 
 
 
5.3.7 Comparison of miRNA in wallaby milk and maternal serum  
As only minute amount of milk could recovered during the earlier stages of lactation (50 to 300 
μl) and to minimize cost, we decided to target more specifically the transitional from phase 2B 
to phase 3. Lactating mothers at day 118 and day 175 were used to compare miRNA profiles in 
milk and blood serum of the lactating mother. Overall a similar number of specific miRNAs were 
identified in milk (86 miRNA) and serum (82 miRNA).  However, miRNA composition was widely 
different in milk and serum (Table 5.6). Further analysis revealed that 13 miRNAs were milk 
specific and 9 were serum specific (Table 5.7). Most of the serum specific miRNAs had low read 
counts with the highest number of reads mapping to miR-1 (731 reads). In contrast, milk 
specific miRNAs showed comparatively high expression with, for example, miR-204 represented 
by 58,142 reads.   As shown in table 5.4, other miRNAs with over 500 read counts were miR-
200b, miR-200c, miR-200a-5p and miR-1549. Interestingly, the genomic locations of miR-200a 
Cluster miRNA in Cluster % of miRNA in Cluster 
1 24 26% 
2 7 8% 
3 11 12% 
4 12 13% 
5 38 41% 
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and miR-200b genes are closely located within a chromosomal cluster. These results suggest co-
expression and co-secretion of these closely linked miRNA.  The most abundant milk-enriched 
and serum-enriched miRNAs are listed in table 5.7 with their respective normalized expression 
values. While miR-191 was most highly abundant in milk during the first three time points of 
lactation (phase 2A), its expression decreased on lactation day-175 (phase 2B) and at the same 
time, showed a marked increase in serum of mothers. Although the data does not address the 
specificity and dynamics of circulating miRNA exchanges between maternal blood and milk, and 
it remains to fully establish if miR-191 is instead no longer transferred from blood into milk 
from day 175, this observation, together with the general disparity of milk and serum miRNA 
profiles, suggests that there is no direct correlation between serum and milk miRNA contents. 
Therefore the data strongly supports the likelihood of local biogenesis of secretory miRNA by 
the mammary gland rather than transfer from blood into milk. 
 
Table 5.6: Milk and serum specific miRNAs in lactating wallaby at day 118 and 175 of 
lactation. 
Milk Reads Blood SerumReads 
miR-107 104 miR-1 731 
miR-1541 36 miR-129 194 
miR-1549 560 miR-132 29 
miR-17-3p 41 miR-142 34 
miR-190a 86 miR-187 148 
miR-200a-5p 515 miR-196b 393 
miR-200b 4927 miR-214 10 
miR-200c 1948 miR-499 29 
miR-204 58142 miR-93 343 
miR-218 93   
miR-23b 129   
miR-338 119   
miR-34a 60   
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Table 5.7: Highly abundant milk or serum enriched miRNAs. 
miRNAs* are milk enriched and miRNAs** are serum enriched. 
 
 
Figure 5.7: Venn diagrams of the distribution of miRNAs found in milk and serum at 
lactation days 175 and 118. 
 
5.3.8 Quantification of milk related miRNAs in pouch young and adult blood 
To analyse the distribution pattern of milk related miRNAs in blood of the pouch young, a 
subset of miRNAs which were identified above as highly expressed in tammar milk compared to 
mother serum (mir-148, mir-22, mir-141 and mir-30a) was selected for validation by 
quantitative PCR.  Using the stem-loop RT-PCR method, these miRNAs were quantified in serum 
miRNAs D118-Milk D118-Serum D175-Milk D175-serum 
miR-184* 8.56 0.01 1.45 0.00 
miR-148* 8.32 0.20 14.61 0.09 
miR-30a* 3.36 0.37 13.67 0.31 
let-7f* 5.371 0.238 6.04 0.168 
miR-141* 0.684 0.002 4.962 0.01 
miR-375* 8.225 1.202 9.782 1.487 
miR-191* 43.83 5.77 9.66 14.51 
miR-10a** 0.48 7.20 0.71 10.55 
miR-10b** 3.42 69.17 3.76 55.40 
miR-92** 2.504 2.628 0.849 4.486 
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of pouch young at lactation day 30, 80, 130, 150 and weaned juvenile (adult), a significant 
increase in levels of expression relative to adult (P<0.05) (Figure 5.8). Generally, these miRNAs 
were in higher proportion in pouch young serum than in the weaned juvenile (adult). The result 
suggests that highly expressed milk miRNA may transfer to the pouch young serum during early 
development when the immature gut may allow passive absorption of milk miRNA. However, 
we cannot exclude independent endogenous biogenesis of miRNAs in pouch young during early 
development and this would need to be assessed more directly in future experiments.  
 
 
Figure 5.8: Quantitative PCR of milk related miRNAs in serum of tammar pouch young during 
lactation. Abundant milk miRNAs (A) mir-148, (B) mir-141, (C) mir-22, and (D) mir-30a were 
analysed in tammar pouch young and post-suckling neonate blood serum. The expression was 
relative to control genes (artificial miRNA spikes cel-mir-39 or cel-mir-54) Values are means 
±SD. A significant increase in levels of expression relative to adult (P<0.05). 
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5.4 Discussion 
 
In recent years, advances in sequencing technologies have allowed the identification of a 
miRNA population in eutherian milk.  In this study for the first time, we have confirmed there 
are also significant quantities of miRNA present in marsupial milk using the tammar wallaby 
model.  
Milk provides optimal postnatal nutrition for newborn mammals (Greenhill, 2013). Milk 
composition has been investigated in many species (Messer and Kerry, 1973, Ballard and 
Morrow, 2013, Nicholas et al., 2012a) and the milk proteins have been considered to make the 
major contribution to milk bioactivity (Wada and Lonnerdal, 2014, Nicholas et al., 2012a). 
However, newly identified milk RNA components, such as miRNA, represent not only potential 
markers of mammary gland development and activity during the lactation cycle, but also new 
putative signaling molecules involved in the programming of young development. However, 
milk miRNA signaling responses in the suckled young have not yet been well defined. We 
hypothesised that the long lactation period of the wallaby with significant changes in milk 
composition would allow the characterisation of interesting dynamic patterns of miRNA 
expression. Cross-fostering experiments have shown that, when a young is fostered onto a 
mother at a more advanced stage of lactation, an increased rate of growth and of gut 
development is observed (Kwek et al., 2009b). This indicates that the temporal regulation of 
milk composition may contribute to the control of development in young marsupials. Therefore 
secretory milk miRNA may participate in this process and, as a first step towards an 
understanding of the biogenesis and functional importance of milk miRNA, our study has 
highlighted the rich diversity and detailed some aspects of the secretion dynamics of the 
majority of newly identified marsupial milk miRNAs.  One limitation of the study is that, as only 
minute amount of milk could recovered during the earlier stages of lactation (50 to 300 μl) and 
to minimize cost, single sequencing reactions only were performed at each time point of 
lactation and it is therefore not possible to estimate biological variation and derive robust 
statistical models for the analysis of differential expression. To partially compensate for this 
limitation we have however taken care to normalise the data at the source by pooling milk from 
ĚŝĨĨĞƌĞŶƚĂŶŝŵĂůƐ;ŶшϯͿďĞĨŽƌĞZEĞǆƚƌĂĐƚŝŽŶĂŶĚŵĂŝŶůǇĐŽŵƉĂƌĞĚŚŝŐŚůǇĞǆƉƌĞƐƐĞĚŵŝZEƚŽ
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address the major temporal trend of changes of expression patterns during of the full cycle of 
lactation rather than conduct differential analysis on pairs of samples.  
When all known and co-expressed miRNAs were clustered into 5 groups, the highest number of 
miRNAs fell in a cluster showing a steady increase in expression from early to late lactation.  
The study suggests a steady increase in the number of miRNAs and a general quantitative 
increase of a large group of miRNA during the course of marsupial lactation. This general 
increase correlates with milk production, phases of mammary gland development during 
lactation in this organism with a complex lactation system, and the development of organs and 
improved physiological conditions of the young as it grows in the security of the pouch. This 
group of miRNA may represent markers of mammary gland activity and putative growth signals. 
In contrast, the lowest number of miRNAs was in a cluster showing a decrease from early to 
late lactation indicating miRNA in this cluster are prime candidates for signalling early 
development of the young.  
The serum miRNA profiles were significantly different from all milk samples. Some of the 
miRNAs (mir-10b, miR-10a, miR-215 and miR-150) were most dominantly expressed in wallaby 
serum samples and were comparatively low in milk samples. This observation points to a 
mammary gland biogenesis of miRNAs and secretion in milk, rather than transfer from serum. 
Although further detailed analysis of specific miRNA is needed to characterise the diffusion of 
particular sequences, these results also suggest the possible development of milk quality 
control and diagnostic tests for the detection of infections or pathologies in lactating mammary 
glands based on the detection of serum specific miRNA in milk.  
The overall comparison of serum and milk miRNA populations indicated the abundant milk 
miRNAs were miR-148, miR-191, mir-141, let-7b, miR-26, let-7d, miR-30a, miR-184, let-7f and 
miR-375, and the majority of these miRNAs were differentially expressed during lactation 
(Table 5.8). Some miRNAs showed a gradual proportional increase from early lactation to late 
lactation (miR-375, miR-30a, miR-22, let-7b and miR-130a). In contrast, miR-184, let-7f, miR-
101 and miR-182 showed a gradual decrease from early lactation to late lactation. In addition, 
miR-122, mir-222a and miR-1549 were uniquely expressed at day 35 of early lactation and 
decreased thereafter. Some of these early temporally secreted milk miRNAs are good 
candidates for developmental signals during early postnatal life.  
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Table 5.8: Categories of most abundant miRNAs based on differential expression. 
Serum specif Milk specific Early lactation  
(Day 35) 
Late lactation  
(Day 250) 
Gradual 
decrease 
Gradual increase 
miR-10b 
miR-10a 
miR-215 
miR-150 
miR-148 
miR-141 
Let-7b 
miR-181b 
miR-222a 
miR-1549 
miR-22 
miR-200a-3p 
miR-191 
miR-184 
Let-7f 
miR-101 
miR-182 
 
miR-375 
miR-30a 
miR-130a 
miR-186 
miR-146a 
miR-221 
miR-125b 
 
5.4.1 Role of miRNA in mammary gland 
The mammary gland is a complex organ, which undergoes extensive morphological changes 
during the lactation cycle, and this remodelling involves cell differentiation, proliferation and 
apoptosis (Knight and Peaker, 1982). Several factors expressed in the microenvironment by 
epithelium and mesenchyma play key roles in regulating this process, apart from other external 
hormones and growth factors secreted by reproductive glands (Macias and Hinck, 2012). In 
general, the basic development process of the mammary gland is similar among marsupials (eg 
tammar wallaby) and eutherians, but events like cell proliferation and differentiation occur for 
extended periods in tammars and, simultaneously, the volume of the mammary gland is 
increased as lactation progresses and larger quantities of milk are secreted (Findlay, 1982). 
Recent studies have indicated an important role for miRNA in mammary gland development 
(Ucar et al., 2010) (Li et al., 2012) and breast cancer (Singh and Mo, 2013). For example miR-
212 and miR-132 are involved in early mammary gland development by regulating epithelial-
stromal interactions (Ucar et al., 2010) and the temporal expression of miR-21, miR-205 and 
miR-200 have potential roles in regulating cell proliferation in the mammary gland during 
pregnancy (Galio et al., 2013, Nagaoka et al., 2013) . In tammar miR-148 showed a gradual 
increase in abundance in milk from early lactation to the end of phase-2B and was the most 
abundant miRNA in wallaby milk at day-175. It is also among the most highly abundant miRNAs 
in all other mammalian species  tested so far (Kumar et al., 2012) (Lefevre, unpublished data). 
mir-148 has been shown to be important for growth and development of normal tissues 
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(Gailhouste et al., 2013, Chen et al., 2013), and may control growth of mammary epithelial cells. 
In addition, mir-141, which was also shown to be expressed in tammar milk is involved in the 
regulation of lactation through STAT5 protein expression (Li et al., 2012, Yang et al., 2000), as in 
the mammary gland STAT5 plays a central role in mediating several pathways controlled by 
lactogenic and galactopoietic hormones (Liu et al., 1997). Here, we observed high 
concentration of miR-141 expression in milk samples compared to serum and expression 
gradually increased as lactation progressed and milk secretion increased. Similarly, mir-146 has 
been implicated in the regulation of the innate immune response (Labbaye and Testa, 2012) 
and the gradual increase in the expression of miR-146 during lactation may reflect its activity in 
protecting the mammary gland from microbial infection such as mastitis. The let-7b miRNA is 
generally involved in cell proliferation (Schultz et al., 2008) and also regulates the expression of 
growth hormone receptors (GHR) (Lin et al., 2012). The gradual increase in expression of this 
miRNA during tammar lactation may reflect mammary gland activity associated with cell 
proliferation and lipid metabolism as lactation progresses (Wang et al., 2012). On other hand 
mir-181, also consistently abundant in all wallaby milk and serum samples, has been implicated 
in many cellular processes related to the immune system (Henao-Mejia et al., 2013) and also in 
determination of  cell fate and invasion (Neel & Lebrun 2013). In summary, all these molecules 
represent non-invasive candidate markers for physiological and developmental analysis of the 
lactating mammary gland. More intriguingly, some of these miRNAs might also function in 
newborns to control growth. 
5.4.2 Secretory milk miRNA may regulate growth and development of the neonate  
Based on miRNA expression patterns during lactation and the identification of milk specific 
miRNAs, we speculate that some of these miRNAs may represent promising candidates to 
signal specific development of the pouch young. The role of milk miRNAs is being intensely 
debated in lactation biology. Variation of miRNA profiles may represent changes in the 
developmental and metabolic activity of the mammary gland during different stages of 
lactation and may be used further as biomarkers, or may be specifically secreted by the 
mammary gland to be transported to the newborn as milk bio-actives (Kumar et al., 2012).  This 
new putative form of signalling and epigenetic programing between the mother and the 
neonate may use a sophisticated exosomal transport system. The majority of organs in a 
newborn tammar wallaby are still functionally immature and postnatal development relies 
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completely on maternal factors supplied through milk (Trott et al., 2003). Milk bioactives 
include growth factors, peptides, fatty acids and hormones. Like other milk bioactives, milk 
miRNAs may have a crucial role in development due to their participation in gene regulation. 
Some of the most abundant milk miRNAs are briefly discussed below in relation to their 
putative functions during development (Table 5.9) 
Table 5.9: miRNAs differentially expressed in milk and their function during development. 
  
Three members of the let-7 family (7f, 7a and 7i) were abundant in tammar milk. The let-7 
family has been shown to play a significant role during animal development (Büssing et al., 
2008). In tammar milk mir-122 is highly expressed at day35 and is significantly down-regulated 
afterward, this miRNA has been reported to control liver development and may play a role in 
liver development of pouch young. Gradually increasing miRNA were mir-22, mir-375, mir-30a, 
let7b and mir-130a and some of these miRNAs have also been involved in animal development. 
Mir-375  is expressed in organs linked to hormone secretion such as pancreas and pituitary 
gland and its expression level increases during pancreas organogenesis (Kloosterman et al., 
miRNA Function Reference  
miR-148 Growth and development of normal tissues (Chen et al., 2013, Guo et al., 
2011) 
miR-184 Development of central nervous system and 
regulates the balance between the neural 
stem cell proliferation and differentiation 
(McKiernan et al., 2012, Liu et al., 
2010, Li et al., 2011) 
let-7b Neural stem cell differentiation and 
proliferation 
(Liu et al., 2010) 
let-7s During embryonic development regulates 
the timing of terminal differentiation 
(Großhans et al., 2005, Reinhart et 
al., 2000) 
miR-122 Liver-specific and key role in liver 
development 
(Filipowicz and Großhans, 2011, 
Wienholds et al., 2005b, Wu et al., 
2009) 
miR-22 Neural system and erythroid development 
and maturation 
(Jovicic et al., 2013, Choong et al., 
2007) 
miR-375 Highly expressed in hormone secreting 
organs (pancreas and pituitary gland) and 
regulate pancreas organogenesis  
(Kloosterman et al., 2007, Poy et 
al., 2009, Avnit-Sagi et al., 2009) 
miR-204 Lens and retinal development (Conte et al., 2010, Avellino et al., 
2013) 
miR-30 Kidney development by regulating Xenopus 
pronephros development 
(Agrawal et al., 2009) 
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2007). Mice mir-375  knockouts exhiďŝƚĂĚĞĐƌĞĂƐĞŝŶƚŚĞŶƵŵďĞƌŽĨɴ-cells and an increase of 
ɲ-cells, leading to hyperglycaemia (Poy et al., 2009). Perhaps more significantly, this miRNA has 
been shown to control the establishment of mucosal immunity in the gut via epithelial-T cell 
crosstalk, as demonstrated by the greater susceptibility to infection of gut specific knockout 
mice (Biton et al., 2011). The large increase of mir-375 in phase 3 of lactation, when the young 
starts to exit the pouch and add grass to the diet supports the concept of a milk miRNA 
contribution to the establishment of mucosal immunity in the young. On the other hand, mir-
204 is uniquely expressed during early lactation (phase2A) during which the altricial tammar 
neonate (0.4 grams at birth) is subject to intense nervous system and eye development (Mark 
and Marotte, 1992, Jellinger, 2011). Interestingly, mir-204 regulates lens morphogenesis by 
controlling the expression of lens placode differentiation gene via the Meis2/Pax6 pathway 
(Conte et al., 2010). Other miRNAs showed a gradual decrease during lactation (mir-184, let-7f, 
mir-101 and mir-182). mir-184 was highly abundant in tammar milk during early lactation 
phase-2A until early phase-2B, mir-184 has a significant role in regulating the balance between 
neural stem cell proliferation and differentiation during development (McKiernan et al., 2012, 
Liu et al., 2010, Li et al., 2011). In marsupial at birth the central nervous system is at early stages 
of development and the majority of development takes place during early postnatal life 
(Saunders, 1997). Therefore, the high expression of miR-184 in tammar milk during early 
lactation may have potential role in maturation of the central nervous system.  Further, the 
mir-30 family is involved in kidney development by regulating the extension of nephron 
through cell differentiation and proliferation,  by targeting the Xlim1/Lhx1 transcription factor 
as shown in Xenopus pronephros development (Agrawal et al., 2009). From the expression data 
we noticed a peak expression of mir-30 in milk after day130 lactation, this may correlate with 
nephrogenesis in tammar pouch young as their urinary system starts to undergo maturation 
and become fully functional during late phase 2B and is not matured before 140 days  (20 
weeks) after birth (Wilkes and Janssens, 1986). 
5.4.3 Transport of milk miRNAs to the pouch young through exosomes 
Our results indicate that milk miRNAs are differentially expressed during tammar lactation and 
most miRNAs are likely to be secreted by the mammary gland. To better understand how these 
miRNAs were secreted into milk and the potential mechanism of uptake of milk miRNAs by the 
suckling young, milk was fractionated by ultracentrifugation and size cut-off column filtration. 
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The results showed that the majority of tammar milk miRNA co-purified together with other 
small RNA in a fraction enriched in exosome-like vesicles. These vesicules ranged from  40nm to 
80nm in size and appeared round in shape, similar to exosomes reported in milk of eutherians, 
including bovine (Hata et al., 2010), porcine (Gu et al., 2012) and human (Admyre et al., 2007, 
Lasser et al., 2011) species. These results suggest that miRNAs in tammar milk are likely to be 
transported through exosome  vesicles and potentially play a role in communication of a 
diversity of potential molecular signal between cells (Creemers et al., 2012). Further analysis of 
these exosomal miRNAs revealed they displayed stability under harsh conditions, indicating 
that milk miRNAs may successfully be transported to the pouch young without degradation and 
may survive longer in the gut. Therefore, the presence of exosome-like vesicles in milk suggests 
that these secretory vesicles may participate in the protective packaging and transport of 
bioactivities and signals to the neonate and during its subsequent development in the pouch. 
To address this important issue of a new signalling pathway between mother and young, the 
digestive system of the young needs to be considered. The digestive system of marsupials is 
very immature at birth (Old and Deane, 2003, Yadav, 1972)  and therefore tammar milk miRNAs 
may be absorbed through the premature gut system of tammar pouch young and transferred 
into the blood of the neonate where they could be detected at high concentration. This is 
possibly in contrast with a majority of eutherians species where the digestive system is far more 
mature before birth and, soon after birth, the uptake of macromolecules such as 
immunoglobulins is rapidly ceased (Westrom et al., 1984, Teichberg et al., 1992, Lecce and 
Broughto.Cw, 1973). The transfer of milk specific miRNAs to the blood circulation of the 
neonate was detected for a number of highly concentrated milk miRNA quantified in blood 
samples from pouch young at different stages of development, in contrast to the blood miRNA 
content of the post suckling adult stage. It is important to consider that a majority of miRNAs 
may be produced endogenously by the neonate, and therefore this study focused on miRNAs 
that were shown to be overexpressed at least a thousand fold in milk compare to the mother 
serum miRNAs, as known from miRNA sequencing. From the qRT-PCR results it was observed 
that the majority of milk miRNAs were present at high levels in the blood of neonates 
compared to adult blood serum. Although these indirect results are preliminary and further 
studies will be required to demonstrate this process of exosome uptake by the gut, the present 
study suggests that milk miRNAs are transported after packaging into exosomes (rather than 
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freely floating in milk) and that milk miRNAs may be absorbed by the neonate gut system and 
enter the blood circulation. It is possible that exosomes carry specific surface receptors to 
attach to the gut cell wall, or that exosomes are digested in the gut where miRNAs are 
secondarily released along with proteins before absorption by gut cells (van Niel and Heyman, 
2002, Hu et al., 2012). Alternatively, exosomal vesicles may diffuse passively through the 
immature gut of the neonate. Further studies are required to address this issue together with 
further characterisation of the detailed structure, biogenesis and molecular composition of milk 
exosomes. 
 
5.5 Conclusions 
 
In this study miRNA populations have been quantified in milk of the marsupial tammar wallaby. 
We have identified suite of marsupial milk miRNAs and describe the major dynamics of milk 
miRNA secretion during the complex lactation cycle of the tammar wallaby. In this marsupial 
model of lactation, pronounced temporal variation patterns of milk miRNA composition have 
revealed miRNA signatures that may be used to clarify the miRNA-dependant regulation of 
mammary gland activity as well as the relevance of exosomal transport of the molecular miRNA 
message towards protection and timing of specific developmental stages in the young. We 
report poor transfer of miRNA from blood into milk in the mother, but provide evidence toward 
a likely transfer of milk miRNA into the blood stream of the neonate. Demonstrating the 
dynamics of milk miRNA profiles across the tammar wallaby lactation cycle has highlighted the 
value of comparative quantitative transcriptomics to improve our understanding of milk 
composition and, more importantly, has paved the way to address the true potential of milk 
miRNA functionality and the full impact of milk consumption on health and wellbeing. 
136 
 
   
 
 
 
 
 
 
 
 
CHAPTER 6: General Discussion 
 
 
137 
 
  Chapter 6   
The immature newborn marsupial climbs from the birth canal to the mammary gland and 
temporarily attaches to the mammary teat. The neonate is the equivalent of a late stage 
eutherian fetus and remains attached to the teat to continue developing  in the pouch (Ballard 
et al., 1995). The newborn pouch young relies completely on the nutritional and developmental 
signals supplied through milk for maturation (Nicholas et al., 1997). This difference in 
reproduction and development of marsupials and eutherians provides unique potential to 
investigate how the marsupial neonates survive with immature organs, like the respiratory 
system, at the time of birth. The core objective of this PhD project was to evaluate marsupial 
models (Tammar wallaby and Gray short tail opossum) to better understand the signals for lung 
development of the pouch young, and particularly to explore the contribution of milk in 
supporting the postnatal lung maturation. 
 
6.1 Marsupials are a unique model to understand lung development 
Even though eutherians and marsupials have evolved from common mammalian ancestors, 
they adopted different reproduction strategies (Lefevre et al., 2010). Eutherians, including 
humans, acquired a well-developed placenta which sustains the neonate for a longer period of 
time in utero and they give birth to a mature neonate after a long gestation (Renfree, 1981).  In  
contrast, marsupials have retained a primitive form of placenta and give birth to immature 
neonates after a short gestation (Tyndale-Biscoe, 1988). Therefore marsupial newborn are 
generally in a comparatively earlier stage of development at birth and the primary organs, 
including digestive, neuronal, immune and respiratory systems are immature and still under the 
process of development (Renfree, 2006). This study focused on lung development of the 
marsupial neonate.  
The process of lung development in all mammals is similar (Tschanz, 2007b), but differs in the 
perinatal and postnatal development period (Mess and Ferner, 2010a). In eutherians, the 
majority of lung morphogenesis occurs during gestation, where the placenta performs gaseous 
exchange between the fetus and the mother (Mess & Carter 2007; Mess, A. M. & Ferner, K. J. 
2010), and during this period the lung develops completely to perform gaseous exchange after 
birth. In contrast, the marsupial new born is still under the process of development and major 
developmental changes in the respiratory system occur during their early postnatal life 
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(Runciman et al., 1996). Studies on lung development have been performed previously in 
several marsupial species, including bandicoot (Isoodon macrounus) (Gemmell and Little, 1982), 
Julia Creek dunnart (Sminthopsis douglasi) (Frappell and Mortola, 2000),  Tammar wallaby 
(Macropus eugenii) and gray short tailed opossum (Monodelphis domestica)  (Szdzuy et al., 
2008). In the present study we have performed a detailed investigation of marsupial 
Monodelphis domestica and tammar wallaby lung development, to understand the 
morphological changes during the course of early postnatal life. These studies showed the new 
born lungs were immature, transitioning from the initial canalicular to saccular stage of 
development (Szdzuy et al., 2008). As the marsupial neonate develops, the lung undergoes 
morphological changes by forming sacs and gradually increases the respiratory surface area, 
simultaneously the volume of lung increased and by end of lactation the lung is well developed 
and similar to a eutherian newborn (Szdzuy et al., 2008, Frappell and Mortola, 2000, Mess and 
Ferner, 2010b). However, during early postnatal life the lungs were comprised of a handful of 
sacs connected with primitive air ducts. Performing respiration with these immature lungs may 
not provide the required amount of oxygen for the young (Weibel, 2009, Weibel, 1999, Fraser 
et al., 2004). Recent studies undertaken to understand the respiratory mechanism of marsupial 
newborn tammar wallaby and dunnarts have demonstrated respiration occurs through the skin 
for a period of early postnatal life to meet the oxygen demand. However, this unique 
mechanism diminishes gradually during early development as the neonate lungs mature to 
perform efficient respiration (Frappell and Mortola, 2000, Mortola et al., 1999). This unique 
mechanism was exclusively adopted by these primitive mammals to survive during their early 
postnatal life and this mechanism has been lost during evolution of sophisticated respiration in 
mammals. This is also consistent with respiration through the skin in primitive animals like 
amphibians (Cloudsley-Thompson, 1970). In this respect, the morphological comparison 
between an adult toad frog lung and monodelphis lungs at early postnatal life provide an 
interesting comparison. The comparative analysis has displayed similarities between their lung 
morphology; both lungs were comprised of large sacs with thin walls connected to a primitive 
air duct. These amphibians would have increased their chance of survival by  respiration 
through the skin together with adapting to low demand of oxygen generated through a low 
metabolic rate (Nagy et al., 1999, Cloudsley-Thompson, 1970, White et al., 2006). Metabolic 
studies in tammar wallaby and dunnart neonates have revealed a low metabolic rate during 
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their early postnatal life (Szdzuy et al., 2008, Frappell and Mortola, 2000). Therefore, 
respiration through skin and low metabolic rate may also have compensated for their risk of 
respiratory failure in a similar way to amphibians.  
The genes involved in regulating the postnatal lung development of marsupial are unknown. 
Therefore, the initial phase of the current study was focused on gaining a new information on 
gene expression profile of monodelphis lung during early postnatal life. This data could then be 
evaluated in relation to morphological changes and correlated with differentially expressed 
genes associated with specific stages of development in eutherian lung (Bonner et al., 2003, 
Mariani et al., 2002). Lung organogenesis is a complex process and involves several factors 
regulating the pattern of cell differentiation, communication and proliferation (Warburton et 
al., 2008, Burri, 1984). Understanding the key signalling pathways involved in the lung 
developmental processes is critical and provides information on mechanisms underpinning 
development. The lung gene expression profiles obtained using Monodelphis identified a 
number of genes that were differentially expressed during the course of development. Further, 
the analysis identified genes involved in developmental programing and correlated gene 
expression with morphological changes. Based on these observations, postnatal lung 
development of Monodelphis involved three key stages of development; transition from late 
canalicular to early saccular, saccular and alveolar stage. Functional gene categories related to 
growth factors, extracellular matrix protein (ECMs), transcriptional factors and signalling 
pathways related to branching morphogenesis, alveolization and vascularisation were identified 
and can be used to understand common mechanisms of development between these animals. 
Based on the literature, a comparison between mechanisms of lung development in postnatal 
marsupials  and fetal eutherians indicated considerable similarities in signalling  pathways like 
Wnt (Pongracz and Stockley, 2006, Wodarz and Nusse, 1998), Retinoic acid (Chytil, 1996) ͕d'&ɴ
(Gu et al., 2007) and NOTCH (Xu et al., 2012). Although the majority of these genes are known 
to be involved in eutherian lung development (Cardoso and Lu, 2006), an understanding of the 
full extent of the contribution of many of these genes in lung development is still unknown, and 
future studies will be required to fully assess their role in lung development. It is likely that the 
signalling processes and changes in key marker genes for lung development in marsupials and 
eutherians will be conserved, but exploiting a comparison between the timing and the 
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mechanism by which these signals are provided to the lung will provide new opportunities to 
better understand the process in eutherians.  
 
6.2 The tammar wallaby adapted programmed lactation to regulate the 
pouch young development.  
Evolutionary success is determined by the degree of reproductive capacity and the ability to 
adapt within the environment long enough to reach a reproductive age and to assure the 
survival of offspring (Goldman et al., 1998). Adaptation to lactation in mammals is considered 
an important evolutionary aspect of this process (Lefevre et al., 2010). During evolution 
mammals developed the mammary gland to support the newborn at early postnatal life and 
these adaptation were considered a key survival aspect for their offspring (Daniel G, 1993, 
Goldman, 2002). 
In all mammals, the extent of development at birth depends on a period of intrauterine 
development, as the factors responsible for fetal development are provided through the 
maternal supply (Ferner et al., 2009, Sibley et al., 1997). In general, the factors responsible for 
fetal development are supplied through placenta in eutherians and subsequently at birth the 
neonate has mature organs for normal function (Fowden and Forhead, 2009, Fowden, 1995). 
Monotremes and marsupial do not have a well-developed and defined placenta and are 
considered primitive mammals (McKenna, 1988, Kemp, 1982, Padian, 1997), although they 
have adapted to the process of  lactation similarly to placental (eutherian) mammals  (Griffiths, 
1978, Tyndale-Biscoe, 1988). Unlike marsupials, eutherians give birth to a well developed 
neonate after a long gestation (John Bienenstock, 2005). In comparison marsupials are born 
with immature organs (Setiati, 1986, Wilkes and Janssens, 1986, Szdzuy et al., 2008) and 
survival with this level of immaturity in eutherians would not be supported by their lactation 
cycle. From an evolutionary perspective, the survival of these primitive mammalian progeny 
would have been at greater risk of extinction, but they have adapted a unique lactation system 
to support their progeny to survive (Daniel G, 1993, Goldman, 2002). Tammar young are born 
after 28 days of gestation and weigh approximately 440 milligrams (Ward and Renfree, 1984). 
As discussed previously, the pouch young are born with immature organs due to their short 
gestation and during early lactation the pouch young organs necessary for their survival such as 
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respiratory system (Runciman et al., 1996), lymphoid tissues (Basden et al., 1997), nervous 
system including brain and spinal-card (Harrison and Porter, 1992, Saunders et al., 1989) are 
rapidly developed. Therefore the signalling factors involved in the development of the 
eutherian foetus may be delivered in the milk secreted by marsupials (Brennan et al., 2007). 
Early attempts to understand the role of milk in development of tammar pouch young have 
shown that factors in milk have a potential role in maturation of the immune systems of the 
neonate (Nicholas et al., 2012b). As we know, milk is a major source of bioactives providing 
growth related hormones and factors such as epidermal growth factor, transforming growth 
factor, nerve growth factor, insulin, and insulin like growth factors supporting development (Xu, 
2008, Grosvenor et al., 1993, Pearlman, 1991). These factors and hormones have a crucial role 
in regulating organ development like maturation of neonate gut for preparation of food intake 
(Kosaka et al., 2010). Studies attempting to identify the role of milk factors in gut development 
of the marsupial tammar wallaby pouch young have shown that every phase of milk has specific 
factors triggering phenotype changes in the neonate stomach (Kwek et al., 2009b). However, 
the physiological delay in gut maturation is considered advantageous in mammals like 
marsupials, as their gastro-intestinal system is not fully matured until the late phase of lactation 
(Yadav, 1971). Therefore pouch young have the capacity to absorb macromolecules such as 
maternal immunoglobulins in milk from the gut and this capacity for enhanced absorption 
persists through the majority of pouch life (Yadav, 1971), which significantly contrasts with the 
gut closure observed in eutherians at a much earlier stage of development (Old and Deane, 
2003, Yadav, 1972). Therefore the milk proteins, peptides and other signalling molecules 
transferred across the gut lumen into the peripheral circulation may play a regulatory role in 
pouch young maturation. 
The majority of tammar pouch young lung development in the tammar occurs during early 
(phase 2A) lactation and provoked the hypothesis that lung developmental changes observed in 
pouch young are influence by maternal signaling factors delivered through milk. In this study 
we have analysed the effect of tammar milk on lung development by treating mice E12 
embryonic lungs in culture. Embryonic lung were cultured in the presence of day 60 milk whey; 
this milk was specifically chosen based on the morphological changes observed in pouch young 
as the lung undergoes extensive growth around this time. After 72 hours of culture there was 
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significantly increased growth in the embryonic mice lungs cultured in tammar milk compared 
to a control lung. In addition, a significant increase in marker genes related to branching 
morphogenesis and surfactant proteins was observed. Identifying the bioactive signalling 
molecules in day 60 milk implicated in this process remains a major focus. Tammar  lactation 
continues for approximately 10 months (Tyndalebiscoe and Hinds, 1984, Hinds and 
Tyndalebiscoe, 1982), and during the course of lactation the composition of milk changes 
continuously in terms quantity and qualitatively (Messer and Green, 1979, Green et al., 1980). 
The lactation cycle of a number of marsupial species like the allied rock wallaby (Petrogale 
assimilis) (Merchant, 1966), north american opossum (Didelphis Virginiana) (Green et al., 1996) 
and Tammar wallaby (Macropus eugenii) (Bird et al., 1994, Nicholas, 1988a) have been 
characterized and shown that composition of milk in marsupials consistently changes 
significantly  throughout lactation (Green et al., 1983). These changes are best characterised in 
the tammar wallaby and are necessary to accommodate the development of the pouch young 
(Bird et al., 1994, Nicholas, 1988a). cDNA sequencing and gene expression microarrays have 
been used to profile changes in gene expression in the mammary gland of  the tammar wallaby 
during the lactation cycle and it is evident that a large number of genes were differentially 
expressed during lactation (Nicholas et al., 1997). Moreover there is a gradual change in the 
number of milk proteins secreted across lactation with the potential to influence development 
and immune protection of pouch young (Sharp et al., 2007, Watt et al., 2012, Wanyonyi et al., 
2011, Joss et al., 2009). Previous studies have shown that the transfer of tammar pouch young 
to a mother at a more advanced stage of lactation can specifically accelerate the rate of 
stomach development in pouch young (Kwek et al., 2009b). As mentioned earlier, the tammar 
new born lungs are immature at the time of birth covered with large air sacs and primitive air 
duct. Around day 30 - 40 defined alveoli start appearing and gradually increased in number. By 
the end of phase 2A, at around 100 days, the pouch young lungs have matured to a similar 
stage of development to eutherian newborn lungs (Szdzuy et al., 2008). Therefore analysis of 
the genes expressed that code for secreted proteins in the mammary gland of the tammar at 
this time will provide a list of candidates bioactives impacting on lung development in the 
young. Ultimately proteomic analysis of the milk will be required for a more definitive approach 
to identify putative secreted milk bioactives. 
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The current studies were extended to better understand the effect of tammar milk collected at 
different time points of lactation (day 20 to 170) on development of embryonic lung in culture. 
The results showed that the milk collected at different time points had a differential effect on 
embryonic lung growth. The negative effect of milk at day 20 on in vitro lung development 
correlates with the time when the early saccular phase of development is evident and the lung 
displays a slow rate of septal formation. This may result from the milk lacking the necessary 
developmental signals or may result from milk factors that include factors that inhibit the 
branching morphogenesis and increased lung volume. Interestingly, the inhibitory properties of 
milk collected at day 20 of lactation and correlates with the time when a significant proportion 
of respiration occurs through the skin of the pouch young (Frappell and MacFarlane, 2006).  In 
contrast, the embryonic lung treated with day 40 to 100 (phase 2A) milk displayed extensive 
branching morphogenesis. In tammar pouch young the majority of lung development was 
observed around day 40 as the lung progressed from the saccular stage to alveolar stage. The 
profound increase in branching morphogenesis indicates the milk at day 40 to day 100 may 
have the necessary bioactivity to regulate lung development in pouch young and correlates 
with the timing of increased bioactivity of milk in the in vitro lung model. However, these 
effects were reduced when the embryonic lungs were treated with milk collected from day 120-
190 (phase2B) of lactation. This is consistent with the morphological changes observed in 
tammar pouch young lung after day 120 postpartum which clearly indicate a slow rate of 
development of septal density. Further, the study was undertaken to understand the potential 
impact of tammar milk on epithelium and mesenchyma, as the epithelial-mesenchymal 
interactions are essential for epithelial branching morphogenesis (Shannon, 1994, Spooner and 
Wessells, 1970, Alescio and Cassini, 1962). The data showed that epithelial and mesenchymal 
lung cell population cultured in tammar milk had profound effect on cell behaviour and indicate 
that tammar milk can temporally regulate the cell proliferation and differentiation of both the 
epithelium and mesenchyma cell population from lung, and this correlated with results 
observed in whole embryonic lung cultures.  
The present study has demonstrated that tammar wallaby milk collected at specific times in 
early lactation contains bioactives that may have a significant role in lung maturation of pouch 
young. This concept of the timed presentation of milk bioactives to the young for lung 
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development is consistent with the timed appearance of milk bioactives that regulate gut  
development in the young and protect the young from infection (Nicholas et al., 1997, Kwek et 
al., 2009b, Joss et al., 2009). The continuous change in the composition of milk presents an 
excellent opportunity to investigate milk derived factors that play a role in neonatal 
maturation, and particularly factors signalling development of specific tissues. Importantly, this 
unique model may offer new opportunities for the identification of signalling molecules that 
are presented to the marsupial young at a time that correlates with prenatal presentation of 
signalling factors by the placenta and amniotic fluid for the development of a range of tissues 
during eutherian foetal development. 
 
6.3 Programmed marsupial lactation is an alternative to the eutherian 
placental system to support the growth and development of the neonate 
The two major leaps taken by mammals during evolution are the development of mammary 
glands to support the survival of immature offspring during their early postnatal life and 
evolution of the placenta to sustain the fetus in utero for a longer period to give birth to a more 
mature neonate. Mammals have diverged into three main linages (monotremes, marsupial and 
eutherians) based on their reproduction strategies (Tyndale-Biscoe CH, 1987, Zeller, 1999). 
However, the key reproductive adaptation that has led to the divergence of different linages 
was the development of the placenta and the increased period of intrauterine development. In 
eutherians, the placenta mediates the maternal factors to regulate the intrauterine fetal 
development by supplying various bioactives (Garnica and Chan, 1996, Bell et al., 1999). Apart 
from maternal factors, the placenta itself is an endocrine organ delivering hormones such as 
fetal growth hormone and insulin-like growth factor (Bauer et al., 1998).  Recent studies have 
demonstrated that the placenta programs fetal brain development (Zeltser and Leibel, 2011, 
Bonnin and Levitt, 2011).  As discussed earlier, interrupting normal fetal development by the 
early delivery of the fetus causes severe short term and long-term issues in preterm neonates, 
and the primary reason is due to reduced exposure to intrauterine factors regulating  
maturation (Fraser et al., 2004, Swischuk, 1997, Beck et al., 2010).  
We consider that the marsupial mammary gland plays a similar role to the eutherian placenta in 
development of the young. In general, the factors responsible for development of the fetus in 
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eutherians are supplied through the placenta via the umbilical cord (Ferner et al., 2009, Sibley 
et al., 1997) and it is likely that, similar factors are secreted in marsupials milk and supplied to 
the pouch young during a long lactation period supporting development (Zeller and Freyer, 
2001). It is interesting to note that the newborn tammar attaches to one mammary teat for the 
first 100 days postpartum in a relationship that resembles placental delivery to the fetus. The 
conversion of nutrient to body mass is similar in both the eutherian fetus and the tammar that 
remains attached to the teat (Green et al., 1980). Based on the present study observation, we 
hypothesis that tammar lactation is a programed cascade to regulate pouch young 
development by delivering precise signaling factors during the course of development, 
particularly during the first 100 days postpartum,  and any interruption during this process may 
delay the  progression of development or cause abnormalities in normal development.  
To enhance our understanding of the role of tammar milk in regulating the pouch young lung 
development, the current project adapted a cross-fostering technique (Kwek et al., 2009b). 
Cross fostering of pouch young to restrict their exposure to milk at no greater than 25 days of 
lactation showed that they had significantly decreased weight and the size of lung was reduced 
compared to the control group. The morphological analysis on the lung from the fostered group 
showed a significant delay in lung growth, where the lungs in fostered young were comprised of 
large intermediate tissue, had a reduced size of airway lumen and a higher percentage of 
airway lumen and parenchymal tissue. The lungs with higher septal thickness and less 
respiratory lumen cause inadequate respiration (Bolle et al., 2008, Burri, 2006), clearly 
indicating that lungs in fostered young were immature compare to the control group. Even 
though both groups of young were collected at the same age (day 45), the lungs from fostered 
young were delayed in development. These outcomes were also correlated with the previous in 
vitro findings of embryonic lung treated with tammar milk day 20 and day 40, as the embryonic 
lung treated with day 20 milk was delayed in growth, suggesting the factors signalling the 
growth of lung were lacking at this period and probably initiated around day 30 lactation. This 
study is consistent with the concept that, in the case of lung development, tammar lactation 
has evolved as a programed lactation system by providing those necessary signaling factors for 
pouch young development (Nicholas et al., 1997, Sharp et al., 2007). During the evolutionary 
process the mammary gland in marsupials may have evolved to undertake a similar function as 
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the eutherian placenta.  Therefore the signalling factors involved in the development of the 
eutherian foetus may have been delivered in the milk secreted by marsupials (Brennan et al., 
2007). 
 
6.4 Identifying the potential of milk as a source of bioactives to support 
development of the suckled young.  
Milk is known as a well-balanced source of nutrition, proving essential carbohydrates, lipids and 
protein to support the neonate. However, recent studies have recognised the bio functional 
potential of milk in supporting the development of the neonate by delivering bioactives 
(Fitzgerald and Meisel, 2003). As discussed above the tammar wallaby has proved to be an 
exciting model to demonstrate the importance of milk in regulating the developmental changes 
of pouch young, as these marsupial neonates are immature at birth and undergoing major 
developmental changes during lactation and solely rely on milk (Nicholas et al., 1997). Recent 
studies have shown milk also contains other components such as miRNAs (Kosaka et al., 2010) 
and peptides (Wada and Lonnerdal, 2014), indicating that in addition to proteins and peptides, 
miRNA may be a new class of signalling molecules that  contribute to the development of the 
neonate.  
miRNAs were recently identified and shown to be involved in several biological functions by 
regulating post transcriptional mRNA expression in cells (Hwang and Mendell, 2006, Song and 
Tuan, 2006). However, the miRNAs were also identified in the extracellular environment after 
secretion from the cells and transport through unique mechanism involving exosome 
biogenesis and secretion. Recent studies in various biological fluids have revealed that miRNAs 
are present in these body fluids and are protected by exosome encapsulation (Gu et al., 2012), 
including milk of various eutherian species like human (Kosaka et al., 2010), bovine (Hata et al., 
2010) , pig (Gu et al., 2012) and goat (Ji et al., 2012). However, their biological role in the 
neonate is not yet clear other than a potential immunological role in the newborn (Zhou et al., 
2012). The present study has examined the tammar wallaby as a model to better understand 
the role of milk miRNA in pouch young development.  
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In Present study, we were able to confirm that tammar milk contained a significant amount of 
miRNAs along with other RNA molecules. These miRNAs were  apparently also specifically 
transported in exosomes, as shown in milk from eutherian species including human (Kosaka et 
al., 2010), bovine (Hata et al., 2010) , pig (Gu et al., 2012) and goat (Ji et al., 2012). Further 
analysis of these exosomal miRNAs confirmed their stability under harsh conditions, indicating 
that milk miRNAs may successfully be transported to the pouch young without degradation and 
may survive longer in the gut. Therefore, the presence of exosome-like vesicles in milk suggests 
that these secretory vesicles may participate in the protective packaging and transport of 
bioactivities and signals to the neonate. In addition, the immature gut system of the PY allows 
nonspecific uptake of large molecules from milk such as immunoglobulins for a major period of 
lactation (Old and Deane, 2003, Yadav, 1972), a process which could facilitate transfer of 
exosomes across the gut. The current study indicated that tammar wallaby milk miRNAs are 
most likely transported to the pouch young blood circulation. The functional categorisation of 
the important miRNAs implicated miR-148, miR-184, let-7b, let-7s, miR-122, miR-22, miR-375, 
miR-204 and miR-30 which potentially have a possible developmental role in pouch young 
central nervous system, kidney and retinal development was disused in chapter 5. However, 
this information should be considered preliminary as a role for these miRNAs in pouch young 
development is not yet established and will require further studies. Overall, the current study 
has demonstrated the dynamics of milk miRNA profiles across the tammar wallaby lactation 
cycle and highlighted the value of comparative quantitative transcriptomics to improve our 
understanding of milk composition and, more importantly, has paved the way to address the 
true potential of milk miRNA functionality and the full impact of milk consumption on health 
and wellbeing. 
Peptides derived from milk proteins also constitute a major family of signalling molecules 
(Wada and Lonnerdal, 2014). Recent studies have revealed that different fractions of milk 
protein provide groups of specific peptides including, casein phosphopeptides, alpha 
lactorphins and beta lactorphins, antihypertensive peptides, casokinins, glycomacropeptide and 
opioid peptides (Shah, 2000, Livney, 2010). These milk derived peptides have a variety of 
functions  such as nutraceuticals, antimicrobial, antioxidative, antiviral and antihypertensive 
functions (Nagpal et al., 2011, Shah, 2000, Pihlanto, 2006)  and are also beneficial to various 
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biological systems including gastrointestinal, immunity, cardiovascular and nervous system 
(Murray and FitzGerald, 2007).  
In general, the milk proteins are broken down to fragments by gastrointestinal enzymatic action 
of enzymes in stomach and intestine (Wada and Lonnerdal, 2014, Shah, 2000, Livney, 2010). 
However, in the case of tammar pouch young the digestive system is immature at the time of 
birth and only matures during mid-lactation phase 2B (100-200 days) (Kwek et al., 2009b). As an 
alternative, tammar milk may also contain enzymes to support digestion and recent studies 
have demonstrated that such enzymes as amylase, catalase, lactase, lactoperoxidase, lipase 
and phosphatase act on milk proteins to release bioactive peptides  (Neurath, 1954, Fox and 
McSweeney, 2013). Hence, it is conceivable that tammar milk may include specific enzymes to 
hydrolyse milk proteins into bioactive peptides at specific times during the lactation cycle, 
representing an additional mechanism to support neonatal development. Further studies are 
needed to focus on understanding tammar milk derived enzymes and the potential bioactive 
peptides derived from tammar milk protein fragmentation.  
 
6.5 Conclusion; Importance of the marsupial model for future study to 
improve the health outcomes of preterm neonates 
Preterm neonates are highly vulnerable to death due to interruption of their normal fetal 
development. Human neonates born before 37 weeks of gestation are considered as preterm 
births (Ucar et al., 2010, Goldenberg and Rouse, 1998) and are affected with various health 
issues including respiratory complication, limited central nervous system and also have 
decreased chance of survival (Wang et al., 2004, Petrou, 2005, Beck et al., 2010, Escobar et al., 
2006). Even though the initial survival outcomes are positive, the preterm baby has a higher risk 
of developing  chronic health issues that include mental retardation, hypertension, 
cardiovascular disease and diabetes (Svedenkrans et al., 2013).  
In all newborn mammals, the ability to survive in the external environment depends on the 
degree of maturity at birth and the rate of maturation is directly proportional to the period of 
gestation. A better understanding of the process of fetal development and specifically the 
molecular mechanisms of organ maturation may provide new therapeutic approaches for 
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treatment of preterm young.  During fetal development in utero, factors involved in regulating 
specific morphological changes are signalled by placental secretions, in readiness for post natal 
function. In contrast, marsupial pouch young are born with immature organs due to their short 
gestation and during early lactation the pouch young organs necessary for survival, such as 
respiratory system (Runciman et al., 1996), lymphoid tissues (Basden et al., 1997), nervous 
system including brain and spinal-cord (Harrison and Porter, 1992, Saunders et al., 1989) are 
rapidly developed and are entirely dependent on factors provided through milk (Nicholas et al., 
1997, Brennan et al., 2007).  
In our current study, we have addressed the question of whether the milk has any potential 
role in lung development of pouch young. The temporal effect of milk is the most exciting 
discovery of the current investigation, signifying how uniquely the marsupial lactation system 
has evolved to support pouch young development. Based on our findings from the role of 
tammar milk in postnatal lung development we have hypothesised that tammar milk plays a 
significant role in regulating lung developmental by the delivery timely bioactives signalling 
development to the young during the course of lactation. The discovery that miRNAs are 
secreted temporally in tammar milk creates new opportunities to examine the process by 
which milk signals pouch young development.  
The data from this study will provide the basis for future research to investigate how the 
tammar mammary gland is programmed and to identify milk factors regulating lung 
development. Subsequently identification of bioactives which progress or halt the development 
of lung may provide therapeutic modalities, or targets for therapeutic modalities, for the 
treatment of preterm babies at risk of respiratory failure. In addition, future study in relation to 
understanding the importance of tammar milk in driving the maturation of other organs 
including gut, nervous system and kidney may provide significant evidence to support preterm 
neonatal maturation. Another interesting finding from the cross-fostering study was the effect 
of milk composition and its effect on body weight of pouch young.  The potential of these 
approaches to produce intervention therapy will not only assist in saving lives but may also 
shorten the duration of preterm infant hospitalization leading to substantially reduced costs for 
hospital-based health care.  
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